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<< To Fold or Not to Fold... 


Molecular chaperones not only prevent misfolding of 
proteins but also play an active role in protein folding 
pathways. However, how protein folding pathways are 
affected by chaperones remains poorly understood. 
Bechtluft et al. (p. 1458) used a combination of experi 
‘mental and computational approaches to study the effect 
of the chaperone SecB on the folding and unfolding 
pathways of maltose binding protein (MBP) at the single- 
molecule level. SecB retains MBP in a molten globule- 
like structure so that no energy will be needed to disrupt 
stable tertiary interactions during translocation across 
the cell membrane. 


Breathing Conductivity 
into Diamonds 


Diamond is an excellent electrical insulator, but 
for nearly 20 years, researchers have puzzled 
cover observations thatthe surface of hydrogen 
terminated diamonds becomes conducting after 
exposed to ar, The phenomenon has recently 
been applied to device design, but a com: 
pelling explanation of the underlying chemistry 
remained elusive. Through careful electro: 
chemical measurements, Chakrapani et al. 
(p. 1424; see the Perspective by Nebel) show 
that the postive hole carriers responsible for 
conduction arise from electron transfer to oxy 
gen dissolved in aqueous films on the surfaces. 
Similar interfacial charge transfer equilibria 
ould be active in other semiconducting solids 


Controlling Spin 
Electrically 


Manipulation of the spin of a single electron 
stored on a quantum dot is a strong contender 
as the basis for quantum information processing, 
Coherent manipulation of the spin has been 
demonstrated for a locally applied magnetic 
field, but scaling up to larger ensemble systems 
of spins and the individual manipulation of spin 
with magnetic field present significant experi 
mental problems. Nowack et al. (p. 1430, pub 
lished online 1 November) now show that coher- 
ent manipulation of the spin state can be 
achieved using a locally applied electric field to 
the quantum dot. They argue that the observa 


www.sciencemag.org 


tion of coherent Rabi oscillations arises from 
electrical modulation of the spin-orbit interac: 
tion experienced by the confined electron. 


Helium Tracing of 
Rising Mantle Fluids 


Mantle helium has a high ?He/*He ratio but is 
diluted by ‘He from other crustal isotopic 
processes. Kennedy and van Soest (p. 1433; 
see the Perspective by Hilton) investigated the 
geographic distribution of helium isotopes 
across the Basin and Range province of North 
‘America. A gradient in ?He/*He correlates with 
rates of active deformation of the crust, and the 
highest ratios occur where the extension and 
shear strain rates are greatest. This finding 
indicates that deformation enhances the per 
rmeability ofthe lithosphere and allows fluid 
from the mantle to penetrate 
even in the absence of local 
‘magmatism. Local spots with 
high isotope ratios may also 
pinpoint areas of high 
crustal permeability that 
maybe valuable for geother 
mal energy development. 


Snapshots of 
Crystal Growth 


When complex alloys crystallize, partitioning 
of elements can be expected between the liquid 
and solid phases, but measuring these 


changes is a challenging experimental task, 
Eswaramoorthy et al. (p. 1437) used energy 
dispersive, x-ray spectroscopy during in situ 
transmission electron microscopy observations 
to follow crystallization of an AL-Si-Cu-Mg alloy 
used in automobile and aerospace applications, 
They heated nanoscale particles to different 
temperatures and observed stable and meta 
stable phase boundaries, as well as measured 
the chemical composition in each phase. This 
technique may be of use in clarifying the growth 
‘mechanisms of nanowires and related structures. 


Parsing Extinct 
Primate Dynamics 


Inferring the social characteristics of early 
hhominins is difficult, in part because fossils are 
fen, scattered, and rarely reveal group dynam: 
ics. One more reli 
able indicator may 
be the develop 
mental patterns 
between males and 
females and, by 
inference with 
other primate 
species, what such 
findings might imply about social and repro: 
ductive strategies. Lockwood et al, (p. 1443) 
used a large sample of facial fossils from 
Paranthropus robustus to show that males of 
this species, extant about 2 million years ago, 
developed much more slowly than did females, 
Continued on page 1347 
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The Quality of Public Dialogue 


SCIENTISTS ARE INCREASINGLY ASKED BY FUNDERS AND GOVERNMENTS TO ENGAGE THE 
public. They are no longer expected merely to “teach” the public what they are presumed to 
need to know, Rather, we now know that a less hierarchical process, in which both parties listen 
and learn, has greater impact. critical strand of this public engagement with science involves 
policy-makers, who are increasing their dialogue with the public to help make wiser decisions 
about how society uses science, These changes in communication are important because issues 
like climate change and health are in the political mainstream and affect everyone. But these 
dialogues must be of a high standard: otherwise, time is wasted. the public lose trust in science, 
‘and bad policy decisions result. So, what constitutes good dialogue? 
Public dialogue is valuable when it helps policy-makers hear the 
views of people who have no prior or vested interest. It can challenge 
assumptions, explore long-term impacts, generate ideas, tease out the 
nature of public concerns before polarized positions emerge, and help 
broaden consideration of the issues. Dialogue is not about the public 
making decisions about science policy: that is for policy-makers, Neither 
isit formal public consultation, noris itan open platform for debates that 
can polarize participants or be hijacked by lobby groups or stakeholders 
{although their perspectives are important to consider, 
For public dialogue to be credible, the public need to be given realistic 
‘expectations about what will happen after the process concludes, as well as 
feedback about its impact. And the conversations must begin early enough 
toinform decisions. Greenpeace and Friends of the Eanth recently criticized 
how the UK government engaged the public this year on nuclear power, ay- 
ing that decisions had already been made. thus potentially shaking public confidence in science. 
There needs to be good practice in dialogue. Participants should have time to think issues 
through, and to become well-informed through reliable nd balanced resources, Diflerent view= 
points and expert input—not just from scientists, but from others such as journalists, stakeholders, 
social scientists, and ethicists —are essential. Participants should explore aspirations and concems, 
and ultimately. questions should be open (“How do we provide for our energy needs in the 
future), rather than closed (“Should we build new nuclear power stations?” 
‘What is being done to improve public dialogue? In December 2006, the Brit 
‘committed funding for an Expert Resource Centre for Public Dialogue in Scien 
program Sciencewise. The goal is to help the United Kingdom produce better polic 
‘over 3000 people have been involved, around £: on has been spent, and leaming is bei 
shared across government departments. UK Prime Minister Gordon Brown also launched a 
series of citizens’ juries in September 2007, promising to hamess the “experience and wisdom” 
‘ofthe British people to tackle policy challenges. Anda month earlier in the United States, thou- 
ssinds of people from all backgrounds and ages gathered in small groups to discuss health care. 


Through “CaliforniaSpeaks.” the public was enabled to tell state lawmakers about desired 
reforms, and as a result, the governor is reconsidering health policies. These are good starts, 
What about scientists involved in dialogue as experts? In the case of Sciencewise. good inter- 


action with scientists is described by participants as a “privilege.” whereas a pompous scientist 
presenting issues obscurely can be the “worst aspect.” Scientists should give clear explanations, 
be open-minded rather than defensive. and be prepared to discuss their ethical views. Although 
relatively few scientists are involved in dialogue, the wider scientific community gains from 
hearing about such discussions; it helps them to better understand the public and may even 
inspire research ideas, 

As with any successfl dialogue. the parties involved need to rise to the occasion. If govern- 
‘ments are to make wise Science-policy decisions —national and global—and are seriously open to 
public views, then they must engage the public atthe right time, based on good practice. And ifthe 
public take the time to think. discuss, and become informed about issues. ther o 
help science to better serve society. 


r9.1126science 1181332 
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MUNOLOG 
Gut Reaction 
The intestine, as well as providing the wherewithal 
to digest food, isa dynamic immunological site— 
and indeed, is the largest in the body. The oral 
delivery of vaccines has the potential to provide 
an extremely effective means of immunizing 
against infection. However, to improve on the few 
‘usrently successful oral vaccines, new approaches 
will be needed to detiver antigens selectively to 
the relevant intestine-sitvated immune cells. A 
distinct class of epithelial cells, called M cells, 
have been seen as ideal targets for some time, 
because they are specialists in the transfer of ant 
‘gens from the lumen of the gut to the underlying 
mucosa, By attaching antigens to a monoclonal 
antibody that is able to latch selectively onto Mt 
ells, Nochi etal, achieved specific delivery to 
these cells. When compared with antigens that 
had been coupled to nonspecific immunoglobu: 
lin, oral administration ofthe antigen conjugated 
‘monoclonal led to an increase in elicited antibod: 
ies and protection from a normally lethal bacterial 
challenge. The M-cell specificity of the mono 
clonal was due toa difference associated with a 
carbohydrate moiety present on epithelia cell, 
suggesting that looking for similar targets on 
human M cells might be beneficial in human vac 
cine development. — 5]5 

J. Exp, Med, 10,1084/jern,20070607 (2007) 
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ining Light on Hydr 


Proteins derive a substantia degree of their form 
and function from the presence or absence of 
water molecules arming about the amino acids 
invarious parts of the 

structure. The hydra 
tinprcesis =» 
highly omami, and 

uitaast laser spec: 
troscopy has recently 
proved useful in 
exploring the 

detailed interac 

tons between pro 

tein and solvent. In 

this vein, Zhang et 
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tematic study of water ~" U 
motion indistinct Mutated sites (white) 
regionsof the eight in myoglobin. 


helices constituting the 
native conformation of apomyoglobin, as well as 
the motten globular form of the protein accessed 
at low pH. To introduce local probes, they pre 
pared a series of mutants with tryptophan (Trp) 
residues substituted at 16 different sites; excita 
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Sniffing mice. 


Nothing to Sniff at 


STELLA HURTLE AKE YESTON 


In many animals, the major histocompatibility complex (MHC) has been thought to be 
responsible for the generation of signals that inform the status of relationship among indi- 
viduals. The similarity of MHC complexes, which is detectable by scent, were believed to be a 
means by which mice, and potentially other mammals, recognize and avoid breeding with 
close relatives. However, Cheetham et al. now find that female mice could not differentiate 
between individuals that differed solely on the basis of their MHC type. Instead, the mice 
showed preferences between a choice of half-sibling males on the basis of direct contact with 
‘another set of species-specific variable markers—their major urinary proteins, This suggests 
that the factors used by many animals to recognize specific individuals may not in fact be 


controlled by their MHC profile. — UNZ 


tion with a femtosecond ultraviolet pulse then 
induced Trp fluorescence that varied with the 
hydration environment. increased expo: 
sure to water led to a higher Stokes shift 
(e,, longer wavelength emission), as 
well asa shorter fluorescence life 
time. In general, the emission decays 
were biexponential, with a fast time 
constant that ranged from ~1 to 8 ps 
and a slow component ranging from ~20 to 
200 ps. The fast process could be attributed to 
short-range fluctuations of the hydrogen-bonded 
water network, and the slower process to more 
collective restructuring as exchange with bulk sol 
vent starts to come into play. — JSY 
Proc. Natl Acod. Sc. U.SA 104, 18461 (2007) 


How does an extra proton latch onto an ethyl 
ene? If one thinks about the H,C=CH, mole- 
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Gurr. Biol. 17, 1771 (2007), 


cule grasping H*, the logical structure would 
seem to be a triangle with the proton shared 
between the two carbons, because that's where 
the electrons doing the grasping are already 
mostly confined. On the other hand, the same 
‘ation should result from stripping H off 
ethane (H,C-CH,), and in that contest it seems 
as though the extra H should stay on one car 
bon or the other, in a more classical bonding 
arrangement. Chemists have long puzzled over 
this question, and the highest-tevel quantum 
mechanical calculations favor the triangular H 
sharing structure. However, direct experimental 
evidence has been elusive. Andrei etal. have 
‘now measured the vibrational spectrum of the 
He? cation in gas phase and confirmed the 
nonclassical geometry. The experiment relied 
‘on a highly sensitive technique in which an 
argon atom loosely bound to the cation is 
ejected (and the naked cation then mass: 
detected) by the energy dissipated when CH 
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Continued from page 1352 


bonds in the compound resonantly absorb 
infrared light, Spectral shifts of the primary 
bands relative to ethylene were relatively small 
(<50 cm), — sy 
‘Angew. Chem. Int. Ed 46, 
10.1002/anie.200708163 (2007). 


CHEMISTRY 
Tougher Liposomes 


Although liposomes can be used for drug deliv 
ery, efforts continue toward improving both the 
stability of these spherical bilayer structures 
and the control over how they release their 
aqueous contents. Lee et al. describe a 
method to generate caged liposomes 
surrounded by a cholesterol 
anchored polymer coating 
whose stability is pH depend 
ent, Cholesterol-terminated 
poly(acrylic acid) was mixed 
with dipalmitoyl-phos 
phatidylchotine liposomes. 
Alter an overnight incuba 
tion period, these coated 
liposomes, which had a mean 
diameter of 90 nim, were cross 
linked with 2,2"(ethylenediony) 
bis(ethylamine). The coated vesicles 
retained their spherical shape alter freeze 
drying and were resistant to leakage after 500 
hours in bovine calf serum. However, the car 
boxylic acid cross-links helped facilitate release 
‘of the vesicles’ content through compressive 
rupture after introduction into modestly acidic 
solutions (pH range of 4.0 to 5.5) over periods 
‘of 150 hours. This type of modified liposome 
has the potential to provide a stable, control 
lable drug-detivery vehicle, — PDS 
Am, Chem. Soc. 129, 
10.1021/42070748i (2007). 
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BIOMEDICINE 


Another Case of Cellular 
Identity Theft 


Solid tumors use a variety of crafty mechanisms 
to optimize their growth, invasion, and metasta 
sis. One unusual mechanism that has attracted 
much recent interest isa form of cellular identity 
theft whereby tumor cells morph into a different 
‘ell type or induce surrounding normal cells to 
do so. The best characterized ofthese phenotypic 
changes is EMT, or “epithelia-mesenchymal tran 
sition,” a process thought to endow tumor epi 
thelial cells with migratory and invasive features 
and/or provide the tumor with a pool 
of activated fibroblasts that 
produce molecules required 
for metastasis. Zeisberg 
etal. describe a new 
Variation on this 
theme. Using geneti 
cally marked trans 
genic mice, they 
show that proliferat: 
ing endothelial celts 
(the cells that form the 
inner layer of blood ves: 
sels) can also morph into 
mesenchymal cells resembling 
activated fibroblasts and 
that the latter cells are 
present in at least two dis 
tinct tumor types in mice 
This “endothelial-mes: 
enchymal” transition is 
promoted by transforming growth factor-1)31, a 
‘cytokine that also promotes EMT and that is 
‘abundant in many tumors. The next question is 
whether and how these intriguing cells con: 
tribute to tumor progression. — PAK 
Cancer Res. 67, 10123 (2007). 


‘Multicolor 
“endothe 
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transition~ 
derived celts. 


<< PINK Participates in Parkinson's Pathway 


Mice expressing missense mutations in a serine protease known as HtrA2 


7 {also called Omi exhibit a neurodegenerative disease that shows simi 
BYAAAS larities to Parkinson's disease in humans. Plun-Favreau et al. describe a 


www.stke.org 


connection between this protein and PINK2, a mitochondrial protein 
kinase that is mutated in certain forms of Parkinson's disease. HtrAZ 


functions to detect damaged or misfolded proteins caused by stress in the mitochondria, Misfolded 
proteins bind to a regulatory domain and activate the protease. HtrA2 may also be regulated by 
‘phosphorylation in response to the stress-activated p38 MAP (mitogen-activated protein) kinase 
pathway. Although PINK1 binds to HtrA2 and was required for p38-activated phosphorylation and 
activation of HtrA2, PINK appeared not to phosphorylate HtrA2 directly. Furthermore, phosphory 
lation of HtrA2 was increased in samples of brain from patients with idiopathic Parkinson's 
disease—as might be expected if mitochondrial stress in the diseased cells caused activation of the 
138 pathway and consequent phosphorylation and activation of HtrA2. — LBR 

‘Nt. Cell Biol 9, 1243 (2007. 
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Monomeric tags 
for protein 
labeling 


TogGFP 
“ex/em = 482/505 nm 
Yellow fluorescent protein 
TogYFP 

ex/em = 508/524 nm 


Red fluorescent protein 
TagRFP 
ex/em = 555/583 nm 


Far-red fluorescent protein 
TagFP635 
ex/em = 588/635 nm 
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Hunting and 
Gathering Data 


Anthropologist Thomas Headland and his wife, 
Janet, have spent most ofthe past 45 years 
‘among the Agta, a hunter-gatherer group in the 
northern Philippines. This week, the Headlands 
‘announced at the meeting of the American 
‘Anthropological Association in Washington, 
.C., they put their unique database on the 
tribe—covering some 4000 people over 

100 years—online, 

Today's Agta number only 600. High infant 
mortality offsets the high birthrate, so life 
‘expectancy is only 23 years. ‘When | first started 
working with the Agta, they didn’t wear clothes 
they didn’t eat farmed food,” says Headland, 
now based at SIL international in Dallas, Texas. 
“Now, some of them use cell phones.” 


167 bbw 
of Aotahan 


The disappearance of groups like the Agta 
‘means that such an effort will never be dupli 
«ated, he notes. The database, at win.sil.org/ 
silepubs/abstract.asp2id=49227, covers informa 
tion on births, deaths, marriages, migrations, 
physical characteristics, genealogies, and cul 
tural and food- gathering practices that wil allow 
anthropologists, archaeologists, economists, and 
‘geneticists to test questions about societies 
before agriculture and metal tools. 


Goals Rock Nation 


Seismology grad student Garrett Euler of 
Washington University in St.Louis, Missouri, 
was mystified by perplexing squiggles he and 
colleagues had recorded early in 2006 in the 
‘West African nation of Cameroon. As they will 
report at next month's meeting of the American 
Geophysical Union, they want to paint an image 
‘of Earth’s interior by listening for seismic waves 
sent under a line of local volcanoes by distant 
earthquakes. But Euler's seismic waves, instead 
‘of sweeping across the land, were showing up 
simultaneously ata score of seismometers 
around the country. 


Euler's nonseismologist girlfriend solved 
the mystery with a Google search combining 
Cameroon and one of the dates of the squig 
‘les. “The first thing that came up was a soccer 
match,” says Euler. Then the light bulb went 
‘on: “Every city we had a seismometer in was 
‘going crazy at a goal.” The Cameroon Lions 
football team scored eight goals in the 

African Cup of Nations, each of which =P 
triggered a countrywide “footquake” as 
TV-watching fans jumped and stomped 
for joy. The more crucial the goal, the 
stronger the footquake 


What the Skull Tells 


‘Some psychometricians enjoy estimating the 
1Qs of great men in history: Galileo, for exam: 
ple, purportedly would have scored an astro 
rnomical 185. Now researchers have for the first 
time tried doing it from skull measurements 
Robert the Bruce, 14th century king of Scots, 
died in Scotland in 1329 at age 55. A highly accu 
rate cast of his skull (right, made when his tomb 
\was rediscovered in 1819, now sits in the anatomy 
department of the University of Edinburgh. 


EDITED BY CONSTANCE HOLDEN 


Studies have shown that brain, and therefore 
skull, sizes have modest but significant correla 
tions with 10. So Edinburgh psychologist lan 
Deary and colleagues decided to use the cast to 
estimate Bruce's intellectual wattage. They com 
pated his skull measurements with those of 
48 Scotsmen who took an 1Q-tike 
reading test. The men's scores 
correlated well—at around 
$5) 0.5—with brain-imaging meas 
turements of their intracranial 
space. Applying the same rela 
tionship to Bruce's high-browed 
Canium, the researchers report 
in the November issue of 
Intelligence that his 1Q probably 
hovered around 128, 

“The results are very interest 
ing,” says psychologist Philip A. Vernon 
of the University of Wester Ontario in London, 
Canada. Although Bruce’s brain volume could 
not be directly measured, Vernon notes, “the 
‘estimated 1Q is in the same ballpark as [those of] 
‘other leaders and is corroborated by suggestions 
that [Bruce] spoke several languages and was a 
master of national and international politics.” 


Dino in the Basement 


Last spring, paleontologist David Evans was scouting for a long-necked sauropod to serve as 
centerpiece in the dinosaur hall at the newly renovated Royal Ontario Museum in Toronto. He 
flew to Wyoming in search of a Barosaurus to excavate and even considered buying a replica. 

But this fall, he found that the real thing was already in the basement. Scattered in various, 
dusty museum drawers, the fossils include vertebrae from the neck, back, and tail; the pelvis; 
and various limb bones. A now-deceased curator had acquired the 150-million-year-old bones 
in a 1962 museum trade, but they were never cataloged. Evans was clued in when he spotted 
a reference in a 2005 journal article. 

Misplaced fossils tum up in museums all the time, but not gigantic sauropods. “The scale 
of this is what makes this funny,” Evans says. The Barosaurus, with its skull and other missing 
bones modeled after a close relative, Diplodocus, will measure about 24 meters, The exhibit 
‘opens 15 December. 
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MONEY MATTERS 

GIVING BACK. A mining magnate and his 
wife have donated $25 million to West 
Virginia University (WVU) in Morgantown to 
fund breast cancer care and research and a 
number of other health and academic pro: 
grams. Benjamin Statler, who studied mining 
engineering at WVU, and his wife, Jo, want a 
portion of the gift to fund a mobile mam 
mography unit to provide free services across 
rural West Virginia, The donation will also 
help the university recruit physician: 
scientists for its cancer center, beef up pro- 
{grams in the College of Engineering and 
Mineral Resources, and put up a new score: 
board at the WVU Coliseum. 


FAMILY-FRIENDLY FELLOWSHIP. What does 
i $25,000 fellowship mean to molecular 
Geneticist Irena Pekker? “It makes our life 

© completely different,” says Pekker. She is one 
2 of 11 Israeli women who have won a new 

§ award created by the Weizmann Institute of 
‘Science in Rehovot to allow young female 

3 researchers to pursue world-class postdoctoral 
# experiences overseas without sacrificing their 
family ives. 

8 Pekker says the money, when added to 
© her $40,000 postdoc salary, made it possible 
2 for her husband and two children to join her 
& in Worcester, where she is doing a 2-year 

© postdoc to work with Phillip Zamore on gene 
silencing at the University of Massachusetts 
© Medical School. Pekker’s husband works for 
8 an Israeli aerospace firm and for security 

& reasons would find it difficult to find a com- 
2 parable position with a U.S. company. “The 
: reason such a small percentage of Israeli 
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Politics 


STILL BOSS. Enrico Garaci, the president of Italy's premier health research institute, has been 
“appointed to a third term despite the protests of some biomedical researchers, 

Garaci (right in photo, with NIH Director Elias Zerhouni) has ed the Istituto Superiore di Sanit 
(ISS) since 2001. He has generated controversy in the past by endorsing the manifesto of the 
servative Science and Life group, which opposes embryonic stem cell research, And he drew flak 
afier ISS gave out $4.5 million for stem cell research without holding a public com- 
z peer-review, rising questions about the type of research being supported, 

In September, stem cell biologist Paolo Bianco of the University of Rome “La Sapienza” and 
others complained to Health Minister Livia Turco about the way the program had been managed 
and why ISS had not publicly announced the grantees. “Scientists are not supposed to nk 
als in order to ree 
Fernando Aiuti of the University of Rom 
decision.” 


earlier this yea 


with government offi 


nts." he says, Turco did not reply. Immunologist 
ppointment * 


women do a postdoc is 
because of the eco- 
nomic situation,” 
Pekker says 

She intends to 
return home at the 
end of her training to 
pursue an academic 
Career. That’s exactly 
what Weizmann 
officials hope every 
grantee will do: A press 
release says the goal of the new award, 
funded by the Clore Foundation and S. Donald 
Sussman, is to create a “feminine leadership 
within the Israeli research community.” 


THEY SAID IT 


“L'm male, in my 40s, have a Ph.D. in 
physies, and work as a professor 
university in California, | view my 
Wikipedia writings asa form of 
procrastination from real work, so ld 
prefer to remain anonymous and not 
reveal the extent of my procrastination 
to colleagues.” 


—A Wikipedia contributor whose entry on the 1996 
‘bombing of the Khobar Towers in Saudi Arabia was 
teproduced nearly verbatim—without attribution— 
{na recently published book by George Orwel tiled 
Block Gold: The New Frontier in Oil for Investors 
Source: The New York Times 


<< MOVERS 


CHANGE AT HARVARD. Barry 
Bloom, the outspoken dean of 
the Harvard School of Public 
Health since 1999, will step 
down from the post in June, 
Bloom, 71, a tuberculosis vac- 
cine researcher, has expanded 
the school’s international reach 
and programs in areas such as 
genes and the environment, He 
has also been a vocal commen- 
tator on various hot topics, 
including developing an AIDS 
vaccine, publishing biodefense 
research, and politicizing sci- 
ence. He plans to remain on the 
Harvard faculty and continue 
his research on vaccine devel- 
‘opment and other topics. 
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New Estimates Sc 
Of HIV/AIDS Epide 


On the surfa od 
news, Two United Nations groups reported 
last Week that the estimated number of peo- 
ple infected with HIV worldwide has fallen 
from 39.5 million to 33.2 million, a drop 
of 16% from last year. The 
annual number of new infee- 
tions has also plummeted 


it looked like very 


since 2006, says the report, 
from 4,3 million to 2.5 mil- 
lion, The new analysis si 


gests that global incidence 
peaked in the late 1990s at just 


North America 
+1.3 million 


ale Back Scope 
mic 
bique. ria, and Zimbabwe. Of these, 


was first reported this summer (Science 
13 July, p. 179). 


and Children Livin 


Western and 
Central Europe and Central Asia 
£760,000 1.6 million East asia 
£800,000 


Eastern Europe 


Middle East and North Africa 


outreach funds 


a major source of countrywide estimates in 
the past, generally inflate actual 
rates by about 20%, prompting experts to 
lower the latest estimates. One reason forthe 
inflation is that in places such as South 
Africa—which has more infected people 
than any country—young women are more 
likely to be infected than young m 

Another is that such surveys do not capture 
the st who are not sexually 
active or routinely u 


fection 


tus of woe! 


¢ condoms. 


fector Peter Piot explains 
that UNAIDS now realizes the 
importance of using different 


tools to track the epidemic in dif 
ferent locales. “We should be 
onnecting all these differen 
approaches very, very early on, 
says Piot. Specifically, in co 
tries that have a “ge 


Caribbean 
‘over 3 million per year. +230,000 £380,000 South and Southeast Asia ¢Pidemic, in which the virus 

A large part ofthe steep 24.0 million infects more than 1% of adults, 
decline, however, reflects the Sub-Saharan Africa population surveys are probably 
fact that numbers for previous eee #22 ley Oceania the most accurate gauge, he says, 
years had been overestimated . 275,000 Butincouniries withan epidemic 


improved methods to estimate “Stated 
HIV prevalence and a better = 
underst ofthe disease’s >. “*| 1990-2007 


dyna Joint United = 
Nations Programme on HIV 
AIDS (UNAIDS) and the 
World Health Organization 
(WHO) explain in their Dec- 
ember 2007 update, Behavior 
change contributed to the Cys 
drop in some locales but over- fi 


i 


all was not a major factor. 

Epidemiologistsat UNAIDS 
categorically deny that the 
agencies had jacked up previ- 
ous estimates to increase 
funding for HIV/AIDS, as sources alk 
a Hashington Post story on 20 November. 
“We find that accusation absurd, 
UNAIDS epidemiologist Paul De Lay 
Tim Brown of the East-West Center in 
Honolulu, Hawaii, an epidemiologist who 
has worked closely with UNAIDS on itsesti- 
mates, also rejects the charge. “There was no 
inflation of the numbers.” says Brown. “We 
were trying (0 use the best scientific infor- 
mation available atthe time.” 

Seventy percent of the downward shift 
comes from Angola, India, Kenya, Mozam- 


‘back shows that t 
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Year 


Ups and downs. Estimates of the number of HIV-infected people worldwide have 
dropped because of new methodologies, but taking these into account, a revised look 


the number has steadily increased (bottom). 


Evidence suggests that declines occurred 
in Kenya and Zimbabwe in part because 
people engaged in less of the risky behavior 
that can expose them to HIV. In other coun- 
tries, the lower figures reflect data from a 
growing number of sites that report results 
from HIV tests. (India alone went from 
155 in 1998 to 1100 in 2006.) Additionally 
) countries since 2001 have done house- 
hold surveys that document HIV prevalence 
in large swaths of the population. Th 
population-based surveys revealed th 

urban prenatal clinics, which have served as 
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“concent ps such as 


id” in 
sex workers, injection drug users, 
and men who have sex with men, 


it makes more sense to focus on 
those high-risk 


1 Asia, previte 
creased 150% since 2001, 
ly 90% of the new infec- 
tions occurring in Russia and 
Ukraine. Similarly, prevalence 
doubled in Vietnam between 2000 
and 2008, and the report says the 

among 


epidemic in Indonesia “ 
the fastest growing in Asia, 


The update also reported the 
surprising finding that, on aver- 
it takes 1 years rather than 9 for HIV 


infection to cause symptomatic disease in 
untreated people. This slower disease course 
affects calculations of the new infection rate 
and of mortality. Anti-HIV drugs, which 
more than 2 million infected people now 
receive in poor and middle-income coun- 
tries, also have contributed to decreasing 
mortality, which dropped from 2.9 million 
deaths in 2006 to 2.1 million in 2007. 

AIDS epidemiologist Thomas Quinn 
who directs the Johns Hopkins Center for 
Global Health in Baltimore, Maryland, 


wewwsciencemag.org 


stresses that lik 
mates, the new figures have thei 
of uncertainty. “I certainly hope this change 
in statistics doesn’t alter anyone's concerns 
about how we're going to manage this epi- 
demic,” says Quinn, “It doesn’t really matter 
whether it’s 33 million or 39 million when it's 
that high of number, It’s a massive epidemic 
that continues to grow.” 

Kevin De Cock, head of WHO'S HIV/AIDS 


INFLUENZA 


program, says the 16% reduction in preva- 
lence will not change the am 
needed for anti-HIV drugs. “We're not going 


to see a substantial reduction in treatment 


needs, and for various reasons, its likely t0 
"he says, Two forces in particular will 
offset the cost savings from the prevalence 
reduction, he says: People are surviving 
longer without treatment, and people in 
developing countries are beginning to start 


treatment earlier. “Where this will end up is 
not entirely clear,” he 

The same holds true for estimating HIV's 
incidence and prevalence. “I hope w 
have toadjust in a big way inthe futun 
Piot of UNAIDS, “But we're no longer sim- 
ply documenting the natural history of HIV 
infection, There are treatment and prevention 
effects to consider now. That’ great, butit'sa 


nightmare to document.” “JON COHEN 


th 


Tense Meeting Produces Some Hope for Flu-Sharing Deal 


It’ too early to call it breakthrough, But a 
marathon meeting in Geneva, Switzerland, 
last week has resulted in what participants 
hope will be a way to salvage the intern 
system for sharing influenza virus samples. 
After 4 days of feverish debate and diplomacy. 
‘often stretching late into the night, participants 
‘agreed to embark on an overhaul of the system 
that Indonesia and other developing nations 
had demanded. They also agreed to some 
immediate mei uding a way to help 
countries keep track of what happens to their 
samples, “I's more progress than I have seen 
at any m member of the 
US, delegation says. 

At stake during the Intergovernmental 
Meeting on Pandemic Influenza Preparedness 
\was the Global Influenza Surveillance Net- 
work (GISN), which helps 
monitor viral evolution and pre~ 
pare the production of vaccines 
‘against seasonal and pandemic 
flu strains, Indonesia has for the 
past year refused to share sam- 
ples from its human HSNI 
influenza vietims with the net- 
work, saying those viruses are 
its own property and demand- 
ing guarantees that it will get 
the benefits—such as pi 
demic vaccines—that sharing 
help produce. 

Other developing countries, 
such as Egypt, Nigeria, Viet- 
nam, and Thailand, have 
stopped short of boycotting 
GISN but sympathize with 
Indonesia. The result was a 
“very tense and polarized 


HSN1 


Avian Influenza 


meeting,” says Christianne Bruschke, a bird 
uexpertat the World Organisation for Animal 
Health in Paris 

In the end, participants from mor 
100 countries agreed to a S0-plus-page doe 


‘ment that will form the basis fora new set of 
principles and rules for the sharing system, to 
be worked out at the next meeting in 2008, The 
text still has many dozens of disputed passages 
and even conflicting ideas. which nobody 
believes will be easy to resolve. “But at least 
now we hav z the 
problem,” siys Edward Hammond of the Sun- 
shine Project. nongovernmental onganization 
based in Austin, Texas, that has supported the 
developing nations, 

In a separate two-page statement that was 
iting approval from African countries 


a 


rocess to start solvi 


z 


A 
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Science went to press, the meeting also agreed 

base to help countries track 
‘where their viruses, “and the parts thereof,” go 
after submission to a GISN lab, Details are 


to set up a 


unclear—one key question, for instance, is 


‘whether those “parts” include genetic inforn 
tion—but the system would alleviate com- 
plaints that viruses sent in by affected countries 
are shared among labs and vaccine companies 
‘without the countries’ knowledge. In addition, 
the statement announces that WHO Director 
General Margaret Chan will set up a new 
advisory body to address the sharing issue 
“Asa tangible demonstration of good will” 
the statement also says, virus sharing will con- 
tinue until the issue is resolved. Whether 
Indonesia will resume its contributions is 
unclear, however, The country’s laws require 
so-called material transfer 
agreements to ship biolo 
samples, says Indonesian 
delegation member Widjaja 
Lukito,a physician at the Uni- 
versity of Indonesia in Jakarta, 
But those aren't curr 
issued within GISN. 


meet 
agreement on th 
Hammond sa 
hasn't been * 
in its demands. “ 
brought us to this point, but 
they're not showing the leader- 
ship to take itto the next level, 
he says. “It may be the Brazil- 
ins and the Nigerians and the 
Thai that move this issue 
forward.” MARTIN ENSERINK 


2 did not reach an 
n. 


Epicenter. Indonesia has been the hardest hit by HSN1 avian influenza, 


SCIENCE VOL318 30NOVEMBER 2007 


With reporting by Dennis Nori 


1361 


PALEOANTHROPOLOGY 


Hominid Harems: Big Males Competed 
For Small Australopithecine Females 


Among living people, men are usually big- 
ger than women—but not by much, aver- 
aging 5% to 10% larger. Now a study on 
page 1443 finds that the males of an 
extinet species of hominid in South Africa 
took longer to grow up than females—and 
got much larger. This suggests that these 
robust australopithecines chose a risky 
mating strategy: Top males invested 
‘building in order to pos- 
sess a harem of females, much like sil- 
verback gorillas do tod: 

Although this species, Parunthro 
pus robustus, is not on the human 
line, the study isthe first offer 
solid evidence of the mating 
strategies of an early hominid, 
says paleoanthropologist J. Michael 
Plavean of the University of 
Arkansas in Fayetteville, who was not 
part of the study. The males" facial features 
were on average 17% larger than females’ 
suggesting a haremlike mating strategy. 
fou don’t get that kind of sexual dime 
phism unless you are polygamous. Males 
don’t get that big unless they get a big pay- 
off.” Plavean explains. That suggests 
diverse social strategies in the hominid 
family and perhaps the relatively recent 
adoption of low sexual dimorphism by 
humans, “This is not the human pattern,” 
says lead author Charles Lockwood of Uni- 
versity College London 

Lockwood made the discovery while 
© ng 19 skulls and 16 jawbones of 
P. robustus from caves in South Africa, 
where they had been consumed by preda- 
tors between 1.5 million and 2 million 
years ago, The adult m: 


jes clustered into, 


two groups: smaller specimens with less 
dent 


wear and larger ones with worn 


alongside the nose. Lockwood 
cites this as evidence that the smaller 
males were younger and hadn't reached 
full size. In many primates, males don’t 
achieve full maturity until years after 
equal-aged females have started to have 
offspring. This pattern is found in pri- 
mates in which one male dominates a 
i group of females and wards off other 
§ males. In contrast, female humans and 
{ 


chimps are only slightly smaller than their 
male counterparts 
mating strategies. 


T think [the study] is 


very convincing.” says biological anthro- 
pologist Steven R. Leigh of the University 
of Hlinois, Urbana-Champaign. 

The finding challenges a theory that 
early hominids had a relatively low level of 
sexual dimorphism, inherited from a com- 
‘or shared with chimpanzee: 


mon an 


Bachelor boy? Nule robust australopithecines took 
longer to grow up and mated later than females, 
leaving young males on their own. 


says Plavean. Instead, the primitive condi- 
tion may have been more gorillalike, and 
our female ancestors may not have closed 
the gap until recently, perhaps in Homo 
‘erectus in the past 2 million years 

But those who have championed the 
carly theory remain skeptical. Paleoanthro- 
pologist C. Owen Lovejoy of Kent State 
University in Ohio isn’t convinced that 
P. robustus males were actually much big- 


skeletal size. And researchers hold conflict- 
ing opinions on the amount of sexual dimor- 
phism in what most consider our closest 
australopithecine ancestor, Australopithe- 


cus afarensis. Lockwood plans to apply this 
type of analysis to that and other species to 
detect when the sexes grew closer in size, a 
signal that males were investing more in off 
spring and in longer-term bonds with 
females. “This is the $64,000 question: 
When did human dimorphism get smaller’ 
says Plavean 


~ANN GIBBONS 
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Gene Therapy Trial Back On 


Federal regulators have given a green light to 
a gene-therapy arthritis trial that was halted 
in July after a patient died. The decision 
comes as a relief to researchers who had wor 
‘ied that the treatment was to blame. 

The trial conducted by Targeted Genetics 
Comp., located in Seattle, Washington, was put 
‘on hold after the 24 July death of 36-year-old 
Jolee Mohr of Taylorville, Ilinois, who had 
recently received a gene-therapy injection to 
treat rheumatoid arthritis in her knee, Mohr 
apparently died mainly from a fungal infec 
tion called histoplasmosis that her immune 
system was unable to fight off (Science, 

21 September, p. 1665), 

‘New tests confirm that the gene therapy 
didn’t contribute to Mohr’s death, neither 
through replication of the adeno-associated 
Viral vector nor by raising levels of an 
immune system-suppressing protein in her 
blood, the company says. It announced this 
week that the U.S. Food and Drug Administra 
tion has tfted its hold on the trial. The federal 
Recombinant DNA Advisory Committee will 
issue its conclusions about the case at a meet 
ing next week JOCELYN KAISER 


Italian Cold Cuts 


The heads of italy’ four major research inst: 
tutes are protesting unexpected last-minute 
‘cuts in their 2007 budgets, saying they will 
force them to stash ongoing projects and 
could harm international collaborations, 

As part ofits National Fund for Research, 
italy had committed €1.6 billion to the 
nation’s research institutes for 2007, which 
‘represented a €50 million increase over 
2006's budget. Scientists had wanted more 
‘but were promised another increase in 2008, 
Last week, however, Italy's Ministry of Economy 
announced it would allocate only €1.5 bil: 
lion to the institutes for 2007. 

The research heads are meeting next 
month with Italy's research minister to plead 
their cases, but there's little optimism that the 
‘cut can be reversed—and fears that the 2008 
‘boost won't come through. Roberto Petronzio, 
president of the italian National Institute for 
Nuclear Physics, says that his organization 
might have to reduce its contributions to the 
CERN accelerator near Geneva, Switzerland, 
“European countries like Spain are increasing 
research funds at level of 20% while italy is 
stuck, That's really worrying,” he says, The 
‘Ministry of Economy declined comment. 

FRANCESCO DE PRETIS 
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MUSEUMS 


Smithsonian Struggles to Strike a Balance With Sponsors 


When the Smithsonian National 
Museum of Natural History 
(NMNH) opens a new exhibition 
hall on the oceans next fall, a key 
component—an elaborate educa- 
tional Web site—will still be on 
the drawing board, It lost its sole 
the 
American Petroleum Institute 
(API) withdrew a promised 
$5 million gift in the wake of 
questions about whether the 
Smithsonian should take money 
from oil compa 
drawal comes at a time when the 


sponsor last week whei 


's. The with 


Smithsonian's leadersare about to 
launch a capital campaign to 


shore up the institution’s 19 muse- 
tums and more than a hal dozen 
research centers, The fuss about 
API's gift hints at how challeng~ 
ing the campaign may be, and the 
episode has sent the Smithso 


ian’s leaders scrambling to avoid 
future embarrassments, 

“We will take a look at the 
guidelines to make sure they 


are 
clear 


Secretary Cristi Samper. 
addition, the institution's gov~ 
ing Board of Regents plans to 
jolved earlier i 


hegot 


get 
tions with potential donors 
“It was [a] mistake in not rast 
the questions [about the API 
donation] sooner,” notes Roger 


Sant, head of the board's ex: 
tive committee: 

‘The natural history museum's $75 million 
neludes a $49 million 
exhibit, an endowed research chair, and 
research support, in addition to the thre 
ened Web site, which should have extensive 
‘educational and research components as well 
asdaily updates. “Iam hoping it will become 
the site everyone in the world will go to when 
they want to learn something about the 
ceans,” says NMNH marine biologist David 
Pawson. who is helping to design the sit. 

The U.S. government has agreed to foot 
about 60% of the total bill for the oc 
tiative, and mote than a dezen private donors 
are chipping in. In 2005, the natural history 
museum approached API—an oil and gas 
industry trade association that sometimes 
supports outside research and education pro- 
grams—for help in funding the Web site. A 


ocean initiative 
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‘Mixed message. A disagreement between Smithsonian acting Secretary Cristian 
Samper (eft) and Regents member Roger Sant about a gift for a natural history 
museum (above) Web site led to the withdrawal of $5 million, 


detailed agreement was hammered out by the 
end of August 2007: API's logo would appe: 
for 2 seconds during the Web site's openin 
sequence and there would bea link on the site 
to API’sown ocean information, but the inst 


tute would have no say in the content or pub- 
ficity surrounding the site. 

Everyone up the Smithsonian chain of 
command, including Samper, signed off on 
the plan. “My assumption was that it would 
be approved” says Paul Risser. acting dire 
tor of NMNH. But when, as required for any 
gift of more than $1 million, the agreement 
‘was sent to the Board of Regents for the final 
go-ahead, Sant and board member Senator 
Patrick Leahy (D-VT) questioned whether it 
was appropriate for API to be a sponsor in 
ight of the problems created by oil spills. An 
article about these concerns appeared in 
the Washington Post on 3 November. In 
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id-November, API withdrew its 
gift with a one-sentence letter to 
Risser. “Once it became dis- 


cussed in public, in some ways 
[the loss] was inevitable,” Risser 
explains, He is confident, how- 
ever, that new sponsors will step 
in, API officials would only say 
that conditions had changed 
recently at the Smithsonian, 
prompting API to withdraw 
the gift 

Typically, Smithsonian scien- 
re quick to complain about 
possible blemishes to the Smith- 
sonian’s reputation, They sharply 
criticized former secretary 


Lawrence Small’s business- 
oriented style and the naming of 
exhibit space and auditoriums 
after corporate and private 
donors. Yet in this case, Science 
found, researchers weren't object- 


ing. “Most people were sorry 


to see it fail. 1am sorry 

awson, NMNH paleo 
Brian Huber agrees, addin 
unfortunate th 


we send these 


xed messages [to donors} 
The API fiasco comes at a 
time when the Smithsonian is § 
being squeezed for funds to 
replace or renovate old buildings 
cd exhibits and revitalize pro- 


ns. The federal government 
pays for about 70% of the institu- 
tion’s $1 billion budget, which 
includes capital and operations expenses. 
However, the cost of repairing and renovating 
buildings alone over the next 6 years is 
expected to top $2.5 billion; based on previ- 
ous appropriations. some are predicting a 
SI billion shortfall. Moreover, Samper has been 
pressing hand for improvements to exhibits. 
“{That cost} is probably the same order of 
magnitude as the facilities deficit,” says Sant. 
On 19 November, the regents approved in 
principle the first pan-Smithsonian capital 
campaign, the details of which will be 
worked out next year, when a permanent 
retary isin place. The flap over the API dona: 
tion su 
could be full of land mines. “The Smithson- 
ian, because it’s such a national icon, does 
have a higher level of scrutiny.” says Risser. 
“There's a need to set rules on what we will 
and will not accept.” ~ELIZABETH PENNIS! 
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Pilot NSF Program Flies Into 
Stiff Community Headwinds 


A novel program at the U.S, National Sei- 
ence Foundation (NSF) to support inno 
tive Ways of communicating science faces 
an uncertain fate, The 4-year-old Discovery 
Corps Fellowship (DCF) program has 
attracted few applicants, and in a time of 


tight fu 


Fellows say one big obstacle is that the sei- 
entific community, for all its handwringing 
about a scientifically illiterate public, still 


as a dubious activity for 


nent chair calls it “that weird 
thing you do, 
fellow at a major research university who 
requested anonymity. “1's like we're wear- 
ing a scarlet O on our chests.” For ma 

ulty members, outreach ean be “something 
that you shove off onto somebody else ... $0 


says ac 


ent postdoctoral 


fac 


We can stick to the science,” says senior 
fellow Carl Batt, a chemistry professor at 
Cornell University. But that’s the wrong atti- 


» Batt, who works on self 


tude, acword 


assembling nanoscale arrays and has devel- 
oped a touring show on nanotechnology 
called “Too Small to See.” “I ru 
research lab, and I still have the time 

The DCF program, which gives 2-year, 
$200,000 grants to both postdocs and expe- 


rienced investigators for research and out- 
reach, was begun by Arthur Ellis when he 


headed NSF's ch 
it 


mistry division. Ellis saw 


sa potential model for the $6 billion 
foundation, which embraces outreach as 
one of its core missions. “New Ph.D. were 
telling us that they wanted to do something 
different as a postdoc—something with a 
component but not strictly 
recalls Ellis, now vice chancellor 
the University of California, 
tors ha 


science 
arch, 
for research 


couldn't find the ¥y to go about it 
Traditional models work well for most 
people,” he adds, “but DCF was supposed 
9 attract those who wanted to go in a dif- 


ferent direct 

Tami Lasseter Clare, a postdoctoral fel- 
low at the Philadelphia Museum of Art, is 
one of those people. She knew after one 
iterview that she didn’t want to work for 


the chemical industry, and a full-time aca- 
demic position didn’t sound appealin, 
cither. Instead, her love of art and historic: 
preservation landed her a part-time position 
at the art museum, doing work that included 
a set of century-old bronze sculp- 
tures atop city hall, Now she’s designin 

new protective coatings for metallic works 


of art as well as teaching high school stu- 


dents stry of stich coatings. 
she 


but ina > 


§ Polished science. Discovery Corps fellow Tami Clare teaches silvering to high school students at the 


§ priladephia Museum of rt in a workshop onthe chemistry of metalnoking, 
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Baghdad Museum to Reopen 


Two galleries of Baghdad's raq Museum, shut 
since the U.S. invasion in 2003, are set to 
reopen in December, a move that some 
archaeologists worry could imperil its ati 
facts. The museum was badly damaged and 
looted during the start of the war, and more 
than 10,000 objects are still missing. Now 
Iraqi authorities plan to reopen two of the 
16 galleries, which have been restored with 
Malian assistance, reports The Art Newspaper. 
But former director Donny George and 
‘other archaeologists oppose the reopening. 
“Opening any part of the museum is a danger 
ous move,” says George. AUS. officer in Bagh: 
dad recently told the American Forces Press 
Service thatthe military was eager to reopen 
the museum. “Can they really be sure that a 
suicide bomber does not go into the galleries?” 
asks Elizabeth Stone of Stony Brook University 
in New York state ANDREW LAWLER 


Wanted: More Tongues 


The US. National Science Foundation (NSF) has 
cheered linguist by strengthening its commit: 
ment to a federal effort to record and analyze 
dying languages. Since 2005, NSF, the National 
Endowment for the Humanities, and the Smith 
Sonian Institution have spent $20 million on the 
Documenting Endangered Languages initiative, 
and this month, NSF said it would make the 
project a permanent program atthe foundation. 
“Much remains to be done,” says program 
director Douglas Whalen, who estimates that 
neaty half ofthe world’s 6500 languages could 
disappear in the next century. NSF hopes to 
spend $2 million to $3 milion next year on the 
project Last year’s contribution was $3.7 miton, 
MICHAEL ERARD 


Bonobo Reserve Established 


The Democratic Republic of the Congo has des 
ignated the world’s largest contiguous reserve 
for the bonobo, spanning 30,570 square kilo 
meters. Although the government is not paying 
for the reserve, the Bonobo Conservation Initia 
tive (BC), which helped conduct initia surveys, 
says the official designation will make it easier 
to raise funds trom intemational NGOs, which 
will help efforts to develop sustainable agricul 
ture and curb the bush-meat trade. Craig Sholley 
of the African Wildlife Foundation worries that 
biological surveys and consultations with local 
chiels were incomplete, but BCI's Michael 
Hurley expects to finish the remaining accords 
in the next year, Another reserve to the north, 
Kokolopori, is due for official designation 
within the coming months, ~ERIK STOKSTAD 
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‘much more interdisciplinary way." 

Other fellows—the class of 2007-08 con- 
sists of five postdoctoral DC fellows and four 
enior fellows—are doing everything from 
running biofuels workshops for high school 
teachers to developing movie-quality visual- 
izations on the origins of life and how cells 
evolve. Liam Pingree, a chemistry postdoc at 
the University of Washington, Seattle, has 
enlisted art students and Web site designers to 
help him put placards about solarpower on city 
buses in the hope that daity commuters will be 
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drawn toa Web site with more information on 
the topic. But Pingree, who hopes his research 
(on the structure and function of organic solar 
cells will win him a tenure-track faculty posi- 
tion, admits that sometimes he has to curb his 
enthusiasm for his bus project. “You don't 
‘want to be flagged as someone who does out- 
reach.” he says. "Somehow, it makes you look 
like something less of a scientist.” 

NSF's Kathy Covert. who runs the DCF 
program, says it takes time for scientists to 
become familiar with any new NSF initia- 
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tive, especially one that deliberately goes 
against the grain, “This is different enough 
that it has what chemists might call a really 
low sticking coefficient,” she says. Still, 
s disappointed that only 29 people 
applied for funding last year, and she doesn’t 
know whether DCF will survive despite her 
best efforts to promote it. “If that’s the most 
an get from this vast community of 
chemists from academia, industry, and the 
national labs, then ...” her voice trails off, 
“JEFFREY MERVIS 


Germany Finally Picks a National Science Academy 


‘The world’s oldest scientific academy has a 
new job, Ending years of discussion, German 
‘Science Minister Annette Schayan unexpect- 
edly announced earlier this month that the 
Leopoldina, founded in 1652 and named 
ater Holy Roman Emperor Leopold 1, would 
serve as the new German Academy of 
‘ciences and as science adviser to the 
federal government. 

Germany currently has a system of eight 
regional science academies, an engineering 
academy called acatech, and the Leopoldina, 
which draws its members from across the 
ation as well as from 30 foreign countries. 
But science leaders and federal officials have 
worried that there isno single organization set 
up to advise the government on scientific 
questions and to represent the German sei- 
cence community in international affairs. 
‘Schavan’s announcement, which came as 

fa radio interview on 16 November, 

took Germany's research community—and 
the academies, including the Leopoldina- 
by surprise. The Leopoldina’s president, 
Volker ter Meulen, a virologist at the Univer- 
sity of Wirzburg, was at a conference in 
India and says his cell phone connection was 
‘so intermittent that he was unable to com- 
‘ment—or speak with Schavan—until his 
return more than a week later. Representa- 
tives from the other academies quickly com- 
plained in German newspapers that they had 
been snubbed. 

A plan fora new national advisory body, 
to be made up of members elected from the 
eight regional academies plus acatech and 

§ the Leopoldina, “was ready a year ago.” 
E says Gerhard Gottschalk. president of the 
i Union of the German Academies of Sci- 
E 
4 
i 


ences and Humanities, which represents the 
regional academies. “We received no re: 
tion,” On the radio show, Schayan made her 
reaction clear, saying that the Leopoldina 
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was “predestined” to take on this new role, 

This is not the first time the Leopoldina 
has been offered the job. Shortly after reuni- 
fication, the science minister at the time 


Decision time. German research minister Annette 
Schavan announced that the Leopoldina should 
‘become Germany's national academy of sciences. 


asked the academy. based in Halle in the 
former East Germany. ifit would be w 
serve as a national academy. But although it 
hhad received praise for remaining independ- 
cent under Communist rule (Science, 15 Octo- 
ber 1999, p. 394). Leopoldina’s leaders 
declined the promotion, saying the organiza- 
tion was not yet ready. 

In 2003. Germany’s Science Council 
recommended that a new body be formed. 
With representatives fi 
academies. ly 4y 
mies and German research organizations 


discussed various possibilities, setting on 
the proposal Schavan rejected. 

Despite bruised egos among the other 
‘academies, many inthe scientific community 
‘welcome Schavan’s decision, The proposal 
“would be the realization of a long-discussed 
idea, without the need to found a new institu 
tion,” said Matthias Kleiner, head of the 
German research funding organization the 
DFG. Ter Meulen says that although he had no. 
problem with establishing a new insttutio 
the idea “didn't convince the politicians.""AIL 
those involved wer the discussion 
be says, “Itis now time tostop going in circles’ 

The Leopoldina is already well-connected 
internationally, with ter Meulen currently 
serving as chair of the European Acade- 
mies Science Advisory Council, which 
brings together the national science acade~ 

‘of European Union member states. In 


the Leopoldina organized a meeting of 
the national academies from 13 countries on 
climate change. 

To bolster any weaknesses, the Leopoldina 
should cooperate with the other ac: 
especially with acatech on issues 
involving technology and engineering and 
with the Berlin-Brandenburg Academy of 
‘Sciences and Humanities for questions involv- 
ing the humanities and social sciences. 

The science minister 
announcement that she plans to b 
cous” with new funding for the academy, but 
she did not give any solid figures beyond 
saying that the federal government will 
provide 8% of the budget and the state of 
Saxony-Anhalt, where the Leopoldina is 
located, will cover the rest. Funding and 
organizational details are expected to be 
ironed out at a meeting of Germany's s 
and federal science ministries in February. 
~GRETCHEN VOGEL 
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Should Oceanographers Pump Iron? 


Companies and countries are planning a series of controversial 
experiments to help determine if seeding the ocean with iron can 


mitigate global warming 


Ambling down to the winch room after a 
midday nap, German oceanographer Victor 
Smetacek realized immediately that the 
instruments aboard the RV Polarstern were 
registering something important, The 
water hundreds of meters below a massive 
al bloom that Smetacek was monitori 
was surprisingly turbid, with particles 
clumping up everywhere. A handful of 
samples revealed that the clumps consisted 


of dead algae, 

The phenomenon surprised the 50 sci- 
entists on the European Iron Fertilization 
Experiment operating in the Southern 
Ocean 2000 km off the Antarctic coast. Six 
weeks earlier, the participants in the 2004 
cruise had dumped nearly 3 metric tons of 
iron into the frigid sea, The algal bloom 
from the iron was expected. But the wide- 
spread, rapid sinking of dead matter was a 
surprise, “We were quite stunned.” 
Smetacek says. “I went up and down the 
ship ... shouting. “The bloom is sinking. 
the bloom is sinking 

EIFEX offered preliminary confirmation 
of one method for sucking carbon dioxide 
from the atmosphere, The researchers hoped 
to demonstrate that iron would fertilize the 
growth of phytoplankton, which, like nearly 


Day 1 


Researchers distribute tons of dissolved iron on 


the ocean surface. 


es 
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all plants, form carbon compounds from 
CO,. Ifthe algal bloom promptly sank to the 
‘floor, taking the carbon with it, fertiliz- 
ing the oceans with iron might help remove 
some of the greenhouse gases that humans 
are pouring into the atmosphere. But 
Smetacek’s excitement soon gave way to 
frustration: The EIFEX team was focused on 
the surface plankton bloom and lacked 
instruments to measure what was happenin 

deep underwater or to collect more than a 


few samples. “We were not prepared for 
w says Smetacek. Next time, he 
vowed that wouldn't happen. 

He may soon get another chance. Last 
month, scientists from the National Insti- 
tute of Oceanography in Goa, India, visited 
Smetacek’s lab at the Alfred Wegener Insti- 

ute for Polar and Marine Research in 
Bremerhaven, Germany. The Indian team is 
planning a 2009 cruise to explore the 
impact of a fertilization experiment on krill 
stocks and to determine how much of the 
algae’s carbon actually reaches the depths 
without being recycled through the food 
web. Dubbed LOHAFEX—/oha means 
iron in Hindi—the cruise is one of a new 
xzeneration of iron fertilization experiments 
(see table, p. 1370). 


Day 21 


of ocean green, 


“SS 


Earlier projects like EIFEX confirmed 
that iron fertilization stimulates algal blooms, 
The new experiments will explore what hap- 
pens to those blooms and whether they can be 
carbon sinks for atmospheric carbon dioxide. 
There's a lot scientists don’t know, including 
why some blooms fall so rapidly, how much 
of them are devoured by microbes and other 
sea life on the way down, and which locations, 
and plankton species do the best job of 
sequestering carbon, Larger experiments 
could more effectively track carbon that 
makes it to the deep and help to quantity the 
impact of the technique on climate. 

The strong interest of commercial compa- 
nics and governments is driving academic 
experiments like LOHAFEX. Companies are 
to make money by selling credits for 
sequestered, using the Kyoto inter- 
national climate system, smaller trading 
schemes, or voluntary ones. On 6 November, 
a ship leased by one company, Foster City, 
California-based Planktos, set sail from 
joward an undisclosed area in the 
al Atlantic that it plans to fertilize. 
(The secrecy is due to threats from environ- 
mental activists to disrupt the mission.) 
limos, a competitor based in San Francisco, 
California, says on its Web site that the te 
nique has “the highest greenhouse gas miti- 
gation potential ofall available methods.” 

These plans are generating a backwash, 
of concerns. Scientists have been divided 
for years about not only whether large-scale 


The iron catalyzes rapid growth of algae, turning a patch 
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ocean fertilization is feasible but also 
whether it should be done at all. One worry 
is that such ocean engineering could disrupt 
‘ocean food webs. Another is that jump- 
starting ocean ecosystems with an iron jolt 
could lead to emissions of methane and 
N,O, both potent greenhouse gases that 
could limit the total climate benefit of a big 
uptake in carbon. Ata recent meeting at 
Woods Hole Oceanographic Institution 
(WHOI) in Massachusetts, several scientists 
questioned whether large-scale fertilization 
‘could ever provide the data needed fora cred- 
ible credits program. And earlier this month, 
the parties to the international antidumping 
London Convention declared that “given the 
present state of knowledge regarding ocean 
fertilization, such large-scale operations are 
‘currently not justified.” (Experts say that the 
treaty may be easy to circumvent, however, 
‘and that it's not clear iron fertilization is even 
form of “dumping.”) 


Location, location 
Behind the current buzz about ocean fertil- 
ization is one of the biggest oceanographic 
discoveries of the past 50 years, namely, that 
iron from terrestrial dust controls the growth 
‘of extensive marine ecosystems, Scientists 
had long puzzled over why huge swaths of 
vans lacked phytoplankton, the 
plants that form the foundation of global 
. despite relatively high lev- 
of two important nutrients—nitrate and 
phosphate, In 1990, biogeochemist John 
Martin of Moss Landing Marine Laborato- 
ries in California proposed an answer: Iron is 
the limiting factor in determining the abun- 
dance of life in the ocean, and those marine 
des vontained too little of it, 


Day 35 


The bloom dies. For carbon sequestration to work, the algae 
must sink or be eaten by microorganisms and zooplankton, 


whose carbonaceous waste falls to depth. 
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Surface 

‘Would large-scale plankton seeding 
‘spur the growth of harmful algal 
blooms? Scientist will monitor for toxins. 
Middle Depth ~0 to 1000 m 

Is methane or N,O produced? These 
‘greenhouse pollutants could offset the 
benefit of taking in CO,. 

Does rapid plankton growth at large 
‘scale deplete dissolved oxygen and 
nitrogen? Such dead zones can disrupt 
fish ecosystems, so scientists will look 
for these nutrients. 

The Deep ~4000 m 

Can the amount of carbon sequestered 
be quantified? Mixing along the edge 
of experiments could complicate the 
measurements. 


The first successful test of this “iron 
hypothesis” was carried out in 1993—just 
months after Martin’s death—by oceanog- 
raphers on a cruise southwest of the 
Galapagos Islands in the Pacific. Since 
then, nearly a dozen experiments in the 
southern, equatorial, and northern Pacific 
and South Atlantic oceans have shown that 

on, dissolved into seawater, could cat- 
alyze algal blooms. Some blooms were so 
huge, they were visible by satellite. 

‘Oceanographers don’t understand exactly 
how iron influences the blooms. But ice cores 
suggest that the oceans have taken upas much 
as 100 billion tons of carbon during a series of 
¢ ages. Smetacek calls the quest to under- 
stand how the oceans took in so much carbon 


Day 365 
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“the Holy Grail” of paleoceanography 
because of its significance for the history of 
Earth’s climate. 

But iron fertilization experiments have not 
simply opened a window into the past, he 
says. They have also given researchers the 
unique ability to perturb an ocean ecosystem 
with small amounts of'a single chemical and 
then watch the effects. “All the rest [of 
‘oceanography] are simple observations,” says 
Smetacek. “This is the way to really under- 
stand the system’ 

Can that system be used to fight glob: 
warming? The first oder of business, accond- 
ing to oceanographer Philip Boyd of the Uni- 
versity of Otago in Dunedin, New Zealand, is 
to get better handle on where to conductsuch 
“Location, location, location,” 
y the Woods Hole meeting. The key 
is to find ocean sites that are fertile enough to 
grow algae on the surface but that offer the 
environmental, ecological, and physical traits, 
needed for the carbon to sink quickly to the 
deep and stay the 

Planktos later plans to take advant 
\warm waters and nutrients in the equatorial 
Pacific in hopes of spurring rapid algal 
growth. Russ George of Planktos says the 
‘company will be looking for areas that feature 
the best nutrient cycling. But WHOL marine 
_geochemist Ken Buesseler questions whether 
itwould be appropriate to sel credits based on 
work at the site. “Its quick and easy [there] to 
get aquick green patch,” he says, Butnutrients 
from the deep are recycled infrequently in 
those areas, he adds, and those nutrients 
would have been used anyway” by carbon- 
sipping plants growing naturally. 

To avoid that potential problem, the Indi 
funded team is focusing on the Southes 


The carbon waste is recycled back to CO, but remains 
dissolved in deep water that could take centuries to 
return to the surface. 
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‘Ocean, Although the cold and seasonally dark 
conditions are less conducive to algal growth, 
its surface nutrients are more regularly replen- 
hed by upwelling. That allows successive 
iron-fertilized blooms to take in carbon using 
nutrients that would have otherwise returned 
tothe deep. 

Larger experiments of longer duration 
could make it casier to track the humanmade 
blooms, which get stretched and diluted by 
currents, downwelling, and storms, During a 
12-day experiment in 1999, says Boyd, “we 
invest[ed] about half our time just keeping 
track of where {the patch] is.” Scientists have 
calculated that the next generation of experi- 
ments should be bigger by a factor of 10 and 
occur within a relatively enclosed, recireulat- 
ing area called an eddy to keep the 
fertilized area intact. 


Counting the carbon 

The trick to sequestering carbon is 
to have it fall below what oceanog- 
raphers cal the 100-year horizon. 
That's the point, starting at S00 m, 
beyond which the water will not 
come into contact with the surface: 
for a century, That duration is the 
international standard for com- 
mercial carbon-storage projects. 
As much of the carbonaceous 
material grown on the surface 
falls, microorganisms and animals 
alled zooplankton below invari- 
ably eat it, creating, among other 
things, CO, that eventually returns 
to the surface within a year. By 
getting more carbon beyond the 
10-year line, fertilization buffs 
hope to bypass that process. 
Scientists don’t know exactly why some of 
the dead algae clumps and falls, and only three 
‘ofthe 11 experiments to date have shown eve 
dence of carbon being transported below the 
surface. Its possible that the experiments were 
too short or too small for scientists to measure 
the amount of carbon transported. A more 
ambitious effort should, many scientists think, 
send more carbon to the deep. Researchers 
«also need better measurements to quantify how 
much carbon is gone for good after a bloom 
ies or gets eaten up. Climos plans to deploy 
devices, called sediment traps, just below the 
100-yearhorizon to catch that harvest. 

To know where the magic line is, says 
grapher Andrew Watson of the Univer- 
sity of East Anglia in Norwich, ULK., model- 
cers need a better understanding of how water 
moves within their ocean models. “The 
as important as the biology.” he 
says. Another task is to monitor more accu- 


the potent greenhouse gases produced 
bby microbes in such an altered ocean ecosys- 
tem, Although only two of the 11 experiments 
thus far have detected nitrous oxide and none 
methane, any company that hopes to claim 
carbon credits from a fertilization project 
must first measure these gases and subtract 
their impact, 

There’s also the problem of tracing carbon 
that doesn’t make it past the 100-year line, 


yys John Cullen of Dalhousie University in 


Halifax, Canada. The water below the surface 
moves turbulently and gets mixed up, so any 
N,O generated later could turn up far from the 
original. “There could be ill effects we simply 
could not see,” says Cullen. “It's legitimate 

ygrees Margaret Leinen of Climos. 


But she believes that observational data sug- 
{gesting a problem with N,O levels are “equiv= 
focal” and that modeling studies show that 
only a portion of the positive impact of the 
bloom would be offset by the additional levels 
of the potent greenhouse gas. 


Asea of unknowns 
Scientists must find a way of linking specific 
downstream impacts to specific experiments. 
Otherwise, says Buesseler. once several com- 
panies begin working in the same region, “it 
starts to get very difficult to work out who's 
responsible for some of these effects.” 
Those consequences could be consider- 
able. The next generation of experiments 
must improve monitoring of nitrate and 
phosphate to measure whether an algal 
‘bloom could deplete these nutrients from the 
site of the experiments or adjacent areas. 
Overfed bacteria, for instance. can create 
dead zones that could deplete fish stocks. So 


the next experiments need better technology 
to track nutrients and oxygen levels indica~ 
tive of dead zones. Right now, the error bars 
are too large. The problem is “somewhere 
between trivial and bad” says Climosadviser 
Anthony Michaels of the University of 
Southern California in Los Angeles. 
Researchers are also on the lookout for toxic 
algae strains from blooms, 

Leinen says “a mix of indicators” on robots 
and boats could help track the algal blooms, 
It would bea big improvement over the first 
generation of experiments, she says, which had 
little ability to monitor their blooms over a 
broad tract. The increasing variety of buoy’ 
undersea gliders, and autonomous samplers 
can now follow a bloom and report data to 
satellites at regular intervals, But 
the tools are stil limited. Remote 
sensors can't yet measure N,O and 
have limited battery life. The thou- 
sands of buoys needed to keep an 
eye on greenhouse gases returning, 
to the surface for roughly a year 
would tively expensive, 


Even if individual projects 
could account for the carbon 
that they're sequestering, says 
‘oceanographer James Bishop of 
the University of Californi 
Berkeley, their combined imps 
could alter the carbon uptake of 
the world’s oceans in ways that are 
very hard to quantify, That could 
stymie efforts to balance the t 
restrial, atmospheric, and oce: 
segments of the global carbon 
budget, he says, and make it 
harder for policymakers “to know if carbon 
‘management is working.” 

Despite considerable reservations, a grow- 
ing number of oceanographers expect ocean 
fertilization to be among the proposed solu- 
tions to global warming. “China has 500 years 
of coal and intends to burn it at 3 cents a kilo- 
‘watt hour.” Brian Von Herzen of the Climate 
Foundation said at the Woods Hole confer- 
ence, In response, he says, “as a community, 
‘we can do nothing. Or [we can] play an active 
role by exploring this second generation of 
[fertilization] experiments.” 

Cullen predicts that scientists will be 
tunable to quantify the greenhouse impacts of 
fertilization but that policymakers will want 
use the method anyway. Before that happens, 
Cullen cientists should have collected 
as much data as possible. “It's the only ocean 
we have.” he say ‘Society needs clearer 
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MIT Engineer Shakes Korean 
Academia to Its Core 


Radical measures from the new president of the Korea Advanced Institute of Science 
and Technology are roiling a tradition-bound system 


DAEJEON, SOUTH KOREA—When the Korea 
Advanced Institute of Science and Technology 
(KAIST) announced on 19 November that an 
yeur had donated 2,5 million to the 
versity with promises of more to follow, it 


repn 


rf 
marked the latest in a string of coups forthe 
new president, Suh Nam Pyo. A mechanical 
neer on leave from the N 
Institute of Technology (MIT) in Cambridge, 
Sub has raised an unprecedented amount 
$12.5 million —in a country where donations 
to universities are rare. He challenging other 
traditions as well, For example, KAIST’S latest 
tenure review turned down several can 
a shocking move by Korean standards. 
Suh says he is aiming to make KA 
good as the best {universities}, including MIT; 
Many faculty members agree tht Sub's “over- 
all philosophy and vision are correct." says 
KAIST systems biologist Lee Sang Yup. But 
there are concems about how Sub will imple- 
iment tha vision at the 36-year-old university 
‘The KAIST community has reason to be 
cautious. In 2004, the university hired Nobel 
physics laureate Robert Laughlin as presi- 
dent-—the first foreigner to lead a Korean 
& university—with a mandate to transform 
KAIST into a world-class institution. 
§ Laughlin, on leave from Stanford University 
in Palo Alto, California, proposed privat 
ing KAIST and charging tuition, focusing 
‘on commercialization, and tripling under- 
graduate enrollment (Science. 25 February 
20 January 2006, p.321). But 
Laughlin’s plans failed to materialize, 
“the faculty was disappointed.” says KAIST 
molecular biologist Chung Jo 
2006, the board of trustees decided to 
new president. 


ssachusetts 


‘The board tumed to Suh. Born in Gyeongiu, 
‘South Korea, in 1936, Suh moved to the United 


ja. As an MIT professor, Suh hi 
won plaudits for his engineerin 
samed more than 50 pate 
start several companies. In the early 1980s, he 
was assistant din 


tor for engineering at the 
U.S. National Science Foundation, and he 
headed MIT's Department of Mech: 
Engineering from 1991 until 2001 

‘Since arriving at KAIST in 
July 2006, Suh has opened 
undergraduate education to 
non-Korean students for the 
first time by insisting 
‘courses be taught in English. 
Suh decided that students who 
mi ” or better grades 
would continue to pay no 
tuition, whereas those with a 
“C” or below must pay about 
$16,000 per year starting in 
February. “We want students to 
ke responsibility for their 
actions.” Suh says. 

A new admissions process 
may also have broad impact. 
Previously. KAIST, like most of Korea's top 
universities, selected the top scorers ina writ- 
ten exam, Mest high school students spend 
their free time prepy 
schools. But Suh says that scores “are a one- 
dimensional measure” that fails to identify 
leaders. So candidates for KAIST’s next 
class were invited to campus this 
.¢ presentations, and to 


ical 


ng for these tests in cram 


for interviews, to g 


‘Agent of change. KAIST’s 
faculty supports Suh Nam Pyo's 


Worldly. To gain stature beyond Korea, KAIST has 
lured students from Vietnam, China, and Rwanda, 
among other countries, 


¢ indiscussions while being observed by 
ulty members, who made selections based 
‘on scores and personal impressions. “We're 
looking for future Einsteins and future Bill 
Gateses.” says Suh, 

Anevenmore radical step was putting teeth, 
into tenure reviews. Traditionally, faculty 
members in Korea gain tenure after logging 
‘enough years, Suh insisted that KAIST profes- 
sors up for tenure gather endorsements from 
experts in their field around the world. In Sep- 
tember, 11 of 33 applicants were denied tenure 
and were given a year to find new jobs, 

The tenure review “is the beginning of an 
‘educational revolution,” says KAIST chemist 
Ryoo Ryong. Butheand others worry about the 
fate of those denied tenure. Suh understands 
their predicament but is standing firm. The pro 
fessors who didn’t make tenure “are very good 
people, but in terms of the standard we set, 
they're not as good as we expect our professors 
to be." He is asking other universities to con- 
sider giving these professors a chance. 


At the same time, Sub is looking to inject 
fresh blood—including foreigners—into the 
418-strong faculty with a phan to add 300 pro- 
fessors over the next 4 to $ years, (To expand 
the school, Sub is strivin 


to win government 
approval for a doubling of KAIST'S base g 
‘ernmental support of $108 million.) His First 
catch is Mary Kathryn Thompson, who com- 
her Ph.D. in mechanical 
weering at MIT last year. 
“IV's an exciting time to be 
here,” says Thompson, who 
just started studying Korean 

‘when she arrived last August 
Although they support 
Suh’s initiatives, some faculty 
members chafe at his blunt 
public comments implying that 
F Korea's professors take life too 


T cannot agree. 
Choi Yang-Kyu, an electrical 
engineer. “Most professors 
here are working very hard.” 
Biomolecular engineer Kim 
Hak-Sungadds: “President Suh 
should have sticks.and carnots, not just sticks.” 
Carrots don’t come cheap. “I'm spending 
most of my time trying to raise money.” Suh 
says. Part of that effort is wooing private 
donors. “Giving to universities is not prevalent 
in Asia, but itis something I'm trying to nur- 
ture in Korea,” he says. That’sa precedentall of 
Korea's universities might want to embrace. 
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Camel Scientists Ask: What's 
Sinking the Ships of the Desert? 


‘A wave of deaths among Saudi Arabian camels is the latest reason for a surge in 
research into these rugged, unusual, and highly valuable animals 


When more than 2000 camels perished in 
Saudi Arabia this year, the mysterious die- 
‘ffs caused a nationwide Furor. Investigations. 
were launched and camel “beauty cont 
suspended. And when evidence mounted that 
the killer was not an infectious disease but 
rather a toxie substance in the animals’ feed, a 
government council demanded punishments 
and reforms, 

Camels are serious business in the Middle 
East and North Africa, And, increasingly, 
camel research has become a hot topic: 
“Camels are amazing animals.” says Ulrich 
Wemery, scientific director of Dubai's Central 
Veterinary Research Laboratory, which has 
a staff of 15 camel experts and a herd of 
50 dromedaries. (The camelid group includes 
‘one-humped dromedaries, Asia's two- 
ies. and South America’s amas 
and alpacas.) Educated in Germany, Wemery 
first treated camels during a veterinary stint in 
Somalia in the 1970s, and he has been hooked 
ever since. “They have fantastic qualities, able 
to survive without water for 2 weeks in tem- 
peratures of 50° centigrade in the shade. They 
‘ean drink water that is 3% salt” The 
also make unusual antibodies that may have 
applications ineluding human diagnosties and 
shake antivenins (see sidebar, p. 1373) 

But just as scientists in North Africa and 
the Middle East are expanding research into 
these seemingly impregnable desert jus 
nauts, the animals appear to be inereasingly 
vulnerable to disease and toxins, Although 
epidemiological data are scarce—especially 
in the camel-rich but politically troubled 


humped spe 


nations of Somalia and Sudan—some se 
tists angue that the illnesses striking camelsare 
We are seeing new diseases in 
ndon't have a good expla- 
.” says Bernard Faye, chair of the newly 
formed International Society of Camelids 
Research and Development (ISOCARD). 


Dromedary die-offs 
In North Africa, there have been several 
unexplained dromedary die-offs during the 
past decade. but the incidents have not shown 
‘a consistent pattern so far, In the late 1990s, 
hundreds of camels perished in Ethiopia, fol- 
lowed by isolated incidents of dying animals 
showing similar symptoms—pneumonia and 
fevers, for example—in Kenya and Su 
‘over the past 7 years. Faye, who is working 
With Kenyan scientists to investigate the 
deaths there, says small ruminant virus that 
normally infects cattle and sheep was the 
likely cause, but other pathogens were also 
found in the dead animals. “The biggest prob- 
Jem is getting blood and organ samples,” says 
Faye, a veterinary scientist with the French 
Agricultural Research Centre for Interna- 
tional Development in Montpellier. 
Another scourge of dromedaries, 
camelpox, is also a perennial suspect. The 
disease has been controlled with a vaccine in 
some regions, but Saudi scientists sty it does 
not protect all camel populations. Other per- 
sistent or emerging camel diseases being 
scrutinized by North African investigators 
include tuberculosis, sleeping sickness, bru- 
cellosis, and rotavirus infections. There are 


no vaccines for such camel diseases, com- 
plains biochemist Mohamed Bengoumi of 
the Hassan II Institute of Agronomy and Vet- 
ity Medicine in 

In both North Africa and the Middle East, 
scientists have also noted an increase in the 
number of “food intoxik “camel deaths 
or sickness caused by harmful substances in 
plants or in the livestock fodder the animals 
eat Bengoumi says camels are highly suscep- 
tible to high-nitrogen plants as well as fungal 
mycotoxins, neither of which are typically 
found in dry regio 

Faye collaborates with camelid scientists 
from Mongolia to Moroceo, and he suspects 
that climate change in the Sahel region—the 
transition between the Sahara desert and wet- 
ter areas of cent may be altering 
disease patterns among camels there, “There 
are two major factors affecting camels in 
North Africa: desertification and changes in 
the rainy seasons that tend to increase insect 


eri 


disease vectors.” he says, 

Other scientists suggest that changes in 
how people use camels—these days, more 
for their milk and meat and less for long- 
range desert transport—could make the ani- 
mals susceptible to new illnesses, Yet 


another reason may be the expanding geo- 
graphical range of drome 
as far south on the Afri 
Nigeria and Tanzania. 
Although he shares the perception that 
camel pathologies are slowly changing, 
Ghaleb Athadrami, dean of the agriculture 
college at United Arab Emirates University 
in AL Ain, which hosted ISOCARD's first 
conference last year, says there isnot enough 
evidence to link any shifis to climate change, 
He speculates that increased stress from 
keeping ever-langer herds in confined spaces 
and from camel racing—a multimillion- 
dollar industry in the Middle East—weakens 
the immune systems of many camels, But 
Athadrami, like other researchers, says more 
data are needed, especially from North 


~ Salt aires = 
Char20o ards Seca Nalin seta i 


this one near the capital city of Riyadh, belies 
theirimage as waged esen ugernaus. 


‘Camelized’ Antibodies Make Waves 


When biologists at the Vrije University in Brussels by chance substituted 
leftover camel serum for mouse serum in a laboratory experiment, they 
made a startling discovery: The camel antibodies were fundamentally 
different rom their murine counterparts. 

“We were amazed,” recalls Belgian biochemist Serge Muyldermans. 
Instead of being composed of two “heavy-chain” subunits and two 
“light-chain” subunits, the camel antibodies have only two heavy 
chains, making them smaller and more durable than typical antibodies. 

Since this discovery—fist reported in 1993—more than 130 papers 
have been published on the properties of camel antibodies and their 
Uses, which include diagnostic tests and biodefense assays, Atleast tno 
‘companies are trying to develop clinical products using antibodies from 
‘camels of related species, such as lamas and alpacas. 

‘Muyldermans says these camelid antibodies pose lower risks to 
humans than antibodies from other animals, and they can survive ele- 
vated temperatures, are highly soluble, and can penetrate more quickly 
than normal antibodies through celt Layers in tissue to reach their tar- 
‘gels. Because of those and other qualities, drug companies are already 
Using camel antibodies to speed identification of leads for therapeutics. 
‘And at the University of Munich in Germany, Heinrich Leonhardt'’s group 
is fusing fluorescent markers to camelid antibody fragments and using 


Africa, “There are few reliable 
statistics on camel disease trends.” 


Bengoumi notes 


Furor in Arabia 

Although mysterious camel 
deaths have occurred elsewhere in 
the Middle East and North Africa, 
no recent event matches the extent 
of this year’s Saudi die-off. during 
which at least 2000 dromedaries 
perished in a region mainly south 
of Riyadh, Saudi Arabia. One 
uno! estimate placed the 


Dune science. Camel researcher Bernard 
Faye, shown riding a dromedry in Morocco, 
wants to know why pattern 

the animals are changing 
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them to target and trace molecules in living cels.. 

‘The heat resistance of camelid antibodies has attracted the interest 
of the U.S. Naval Laboratory and the Southwest Foundation for Biomed- 
ical Research. They are testing the antibo josensors designed to 
detect bioterrorism agents in hot environments. Another group, at 
Washington University School of Medicine in St. Louis, Missouri, has 
used the antibodies to develop a simple test to measure the caffeine 
content of hot beverages. 

Ulrich Wernery of Dubai's Central Veterinary Research Laboratory, 
speculates that dromedaries developed heat-resistant antibodies to sur- 
vive in harsh desert conditions. But Muyldermans says scientists don't 
truly know why the animals have such odd antibodies, which probably 
‘esulted from mutations about 50 million years ago, after camelids spit 
from ruminants and pigs. 

One unusual application of camelid antibodies comes from Wernery's 
lab, where camels are used to produce antibodies to the venom of poi- 
sonous animals. The researchers obtain the antivenin by exposing a 
‘group of 15 dromedaries to venom from cobras, spitting vipers, and 
‘other poisonous snakes. Some people have severe reactions to tradi~ 
tional antivenins produced in horses, but Wernery says, “there is no 
problem with camel antivenins.” The first clinical trial is scheduled for 
next year in Nigeria, 


ministry plans to strengthen camel 
rescarch, which is under way at sev= 
eral centers, including King Faisal 
University, where infectious- 
disease expert Abdulsalam 
Abdulan Bakhsh is investigating 
‘camel maladies, 

Also, in January, the newest 
phase of the Camel Breeding, 
Protection, and Improvement 
Center—built with help from the 
U.LN.’s Food and Agriculture 
Organization—will open in 
northern Saudi Aral Its techni- 


death toll at 5000, 

Initial reports focused on the possibility of 
aan infectious disease or intentional poison- 
ings, Butafter an investigation by the nation’s 
agriculture ministry—which sent camel 
blood and fodder samples to both Saudi and 
‘outside labs—government officials asserted 
that the camels succumbed to contaminants 
found in their bran fodder: the antibiotic sali- 
nomycin, a supplement in chicken feed thatis 
toxic to camels, and a fungal species whose 
mycotoxins can damage some animals’ nery- 

x oussystems 

The Saudi government has shared few 

details of its investigation with outside 
# experts, which has puzzled camel scientists 
& who felt they could have contributed. “Many 

{questions remain open.” says Faye. He sug. 
8 gests that the deaths may involve several 
tors, possibly including viral infections that 

suppress camels’ immune systems. But Saudi 
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Arabia's deputy agriculture minister for 
research, Abdullah Al-Obeid, says the lab 
tests showed no evidence of infectious dis- 
ease, Steps are now being taken to improve 
the transport and storage of fodder for the 
nation’s half-million camels, he says. 
Although Wemery’s lab hasn't yet studied 
tissue samples from the recent deaths, he 
says, “neither mycotoxins nor any known dis- 
could have killed 5000 camels in that 
short span of time.” He favors the antibiotic 
explanation, noting that the Saudi die-off 
appeared similar in symptoms to the deaths 
‘of about 120 racing camels in Dubai a few 
years ago. The cause was also later deter- 
mined to be salinomycin in the fodder. 
Whatever its origins, the Saudi debacle 
may help enengize camel studies in the region. 
ISOCARD has been attracting new members. 
and Sudan has opened a camel research lab in 
Khartoum. In Saudi Arabia, Al-Obeid says his 


cal director, veterinary scientist Mukhtar 
Taha Abu-Samra, says the facility will boast a 
camel hospital with seven diagnostic labs, 
radiology and ultrasound room, and a stu 
theater. By training camel special 
upgrading research programs, he 
center aims to “bridge major gaps” in our 
knowledge of dromedaries. 

Certainly, many gaps remain, Camels” 
desert survival skills include kidneys that 
release very little urine in order to preserve 
‘water, an intestinal system that recycles water, 
and a nasal “air-conditioning system” that cools 
the blood vessels heading to their brains. And 
scientists suspect they will find more quitks of 
dromedary physiology, some that might even 
‘eventually benefit human medicine. 

“Camels are wonderful research sub- 
jects,” says Wernery, “and we can learn a 
‘great deal from them? 


ROBERT KOENIG 
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Tapes COWS LevorstOLy on ee sauna pO 


Saud foyuhs ceseupets wiunlls Wie ist fea 


weather and aging 
space-shuttle technology permitting, Europe's 
main contribution to the International Space 
Station (ISS) will thunder into orbit. The Euro 
pean Sprice Agency's (ESAS) Columbus abo 
ratory, multipurpose experim 
should dr 
research 


I module, 
cally increase the capacity for 
n—and perh: 


s quiet 
those who have called the space station a job- 
creation scheme for aerospace companies 
rnuther than a productive scientific platform. 
‘The €1 billion Columbus, which will be 
attached to the space station during the course 
of the three spacewalks of the 1 I-day mission, 


is the crowning achievement of ESAS human, 
spaceflight ellort—its first crewed facility in 
space. “Columbus opens a new pay 


Now we will have real estate in orbit.” says 
Bemardo Patti, ESA's Columbus project man- 
ager. But it has b 
process for European scientists, 
to get this far, Columbus arrives at the station 
some 5 years later than originally planned, 
because of construction delays and 2003's 
Columbia shuttle disaster. And, like the rest of 
the space station, Columbus is more modest 
than what was on ESA's drawing board early 
last decade. 

Despite the sealed-back ambitions, Euro- 
pean researchers believe Columbus will bring 
something new tothe station, NASA‘sability t 
tse the space station as.a laboratory has been 
hamstrung by the increasing 
struction, problems with the shuttle, and Presi- 
dent George W. Bush's 2004 realignment of the 
U.S. agency toward exploring the moon and 
Mars. Asa result, most NASA research on 
board the space station concerns the effects of 
Jong-duration space flights on the human body 


na long and frustrating 
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ESA managers say Columbus will restore 
part of the station's original rationale, provi 
a platform for basic rescarch in biology, fluids, 
and materials, as well as for medical researc 
and technological development. “We h 
followed the United States in narrowing our 
objectives.” says Alan Thirkettle, ESA’ spi 
station program manager. 

The launch next spring of the main 
Japan's Kibo | 
expand the st 
2009p 
erew from three to six. This doubli 


oratory should continue to 
jon's scientific potential, as will 
ined increase of the station's resident 
and 
dwindling construction demands upon the 
crew, should create “an order of ma 
more experiment time.” says Thirkettle. Adds 
physicist Gregor Morfill of the Max Planck 
Institute for Extraterrestrial Physics in Garch- 
ing. Germany, “Columbus and the Japanese 
module will complete the transformation ofthe 


‘Standing tall. Columbus is Europe's main contribu 
tion to ISS, but it came close to being lett behind. 
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space station fiom a political point in space toa 
real laboratory” 

Indeed with the words of spuice-station erit- 
ies thesh in their minds, scientists and space- 
agency officials are hoping they can finally 
show what the station is capable of. “Now we 
have to prove ourselves.” says Patt 


Being there 

Afier President Ronald Reagan formally 
invited international partners in 1984 to join 
NASA in building a space station, Europe 
developed a plan consisting of several ele- 


ments: a laboratory attached to the station; a 


free-flying module that would house auto- 
mated experiments and occasionally dock with 
the station for repairs and restocking: and a 
polar-orbiting Earth observation satelite that 


would share computer and communications 
technology with the station, European astro- 
nauts Would travel to and from the station in 
Hermes, a minishuttle that could carry three 
people and 3 metric tons of cango. 

The first cost estimates produced by con- 
tractors in 1989 were much higher than ESA 
had expected. and European governments 
began to put the squeeze on ESAS space-station 
program, The Hermes shuttle and free-flying 
module were abandoned. The polar satellite 
was handed over to ESA's Earth observation 
directorate. The program that emerged in the 
mid-1990s comprised the Columbus mod- 


uule—smaller than originally planned but still 
containing 10 phone-booth-sized payload 
racks—and a series of pilotless cargo ships 


called Automated Transfer Vehicles (ATV). 
Launched atop a European Ariane $ rocket, an 
ATV would carry about 7.5 mettie tons of air, 
water, food, fuel, scientific equipment, and per- 
sonal items to resupply all parts of the station. 
Once emptied. filled with waste, and jettisoned, 
it would bum up on reentry. The first ATV is 
due to fly in February 
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‘The ATV is also part of the complex barter 
arrangements through which NASA‘ interna- 
tional partners buy into the space station. “It 
Thirkettle says, To reimburse 
NASA for the shuttle launch of Columbus, 
European companies have built two “nodes” 
connecting modules for the station. The first is 
Node 2, also known as Harmony, which the 
shuttle carried aloft last month, Columbus and 
Iapan’s Kibo will both dock to Node 2. In 
addition, to pay for the air, water, power, and 
‘other station services that Columbus needs, 
five of its 10 payload racks will be devoted to 
NASA’ use, 

Atthough construction ofthe 19-metrie-ton, 
T-meter-long Columbus was well under way by 
the late 1990s, its trials were far from over, In 
2001, with station costs spiraling out of control, 
legislators in Congress and NASA officials 
bewan to consider buikling the ISS to the mini- 
mum viable configuration, “They questioned 
the entire premise of the station and 
didn’t give a damn for the part- 
8 Thirkettle, The crisis 
passed, but delays in building 
Russian elements of the station 
bumped Columbus's planned 
launch from 2002 t 2004, 

‘Then the Columbia shuttle di 
integrated during reentry in Febru- 
ary 2003, and all station constru 
tion was put on hold, Two years 
later, with the shuttle fleet still 
grounded, NASA again debated 
drastically cutting back the number 
of shuttle flights to complete the 
station, Some scenarios would 
have left Columbus and Kibo: 
the ground. “This lasted for afew 
weeks. Itwasvery, very messy." Thirkettle says. 

But then, he notes, Michael Griffin was 
appointed NASA administrator and turned 
‘out to be a keen proponent of the station, As 
Science went to press, Columbus was in the 
hold of Atlantis and on the pad ready for a 
‘weeklong launch window starting 6 December. 


Alabin space 
Planning, designing, and building such a 
space facility takes roughly a decade, so 
‘Columbus's technology was never going to be 
cutting-edge. But the 5-year delay has made 
‘Columbus even more outdated with computer 
technology and data-transfer speeds falling 
behind what's available on Earth, Patti says 
SA has upgraded Columbus's avionics sys- 
tem and installed a 100-megabit-per-second 
computer network. Equipment with such 
8 speeds can now be bought in any computer 
§ store, but Columbus's network will stil be the 
B fastest in space 
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Personnel issues have also beena challenge, 
as ESA tried to retain essential staffand keep 
“the scientific community on the ball and inter- 
ested” says Thirkettle. A significant number of 
researchers who prepared experiments for 
‘Columbus were Ph.D. students at the time and 
have since graduated and found other jobs. 

Just as in the United States, many 
researchers in Europe think the science they 
get froma crewed facility in space isnot worth 
the huge cost of building it, The money spent 
‘on the space station and Columbus, they 
argue, would have been better spent on robot 
probes. Astronomers dislike the station, for 
‘example, because with whirring machinery 
and people moving around it isn't still enough 
to point atelescope accurately. “It goes up and 
down like a roller coaster 
Fraser, director of the Space Research Centre 
at the University of Leicester in the UK. 

But Patti says many researchers in Europe, 


People power. With Columbus (illustration) and.a Japanese lab module in place, 
and larger crews by 2009, space-station science should take off 


mostly at universities and government labs, are 
eager to conduct microgravity research. He 
hopesa few years of good results outofColum- 
bus will trigger more curiosity among indus 
trial researchers. According to Mare Heppener, 
tions in ESA's 
hhuman spaceflight directorate, the last call for 
experiment proposals in 2004 attracted three 
times as many asthe agency could fund 

Max Planck's Morfill attests to the prom- 
ise of Columbus, having already had experi- 
ments performed by cosmonauts on the Russ- 
ian segment of the station, His area of interest 
is “dusty plasmas.” microscopic particles 
mixed into a plasma that can be coaxed into 
repeating patterns, akin to a macroscopic 
crystal and other states of mater. These exper- 
iments could be automated, Morfill says, but 
“with cosmonauts doing the experiments, 
{you're able to go into regimes not anticipated 
before. It’s been enormously suc 
We've got 100 publications out of it” 


NEWSFOCUS L 


Columbus will take off with a full eomple- 
ment of experiments already installed. Itsracks 
includea fluid science laboratory, a set of phys- 
‘ology modules.and a basic biology lab, among 
‘thers. On the outside of Columbus, there are 
‘wo sites forexternal experiments, Initially, one 
\will hold a facility to expose various pieces of 
technology to the harsh conditions of space; the 
‘other will be home toa solar telescope. 

Although some Columbus experiments will 
follow NASAS lead and examine the effects of 
microgravity on humans, many others will be 
more fundamental. “Columbus should return 
fascinating data that wll advance physiological 
science in general,” says physiologist Kevin 
Fong of University College London, who has 
justcompleted.a 9-month fellowship at NASA’ 
Johnson Space Center. Experiments will look 
at, for example, how bone remodels after a 
break. Removing gravity allows researchers to 
see the remodeling process more clearly, “No 
‘one really understands this at fn 
damental level,” Fong says, 

Researchers in Japan are look- 
ing forward to a similarly eclectic 
mix of experiments once Kibo 
arrivesat the station next year. The 
size of a luxury tour bus and 
weighing nearly 23 metric tons, 
bo, which means “hope” in 
Japanese, will be the biggest ofthe 
space station's research modules, 
I will take three shuttle lights to 
deliver all its components: a pres 
surized module with racks for 
experiments conducted by 
nuts, an exposed platf 
an external storage compartment. 
Japanese scientists have plans for 
all experiments covering various 
aspects of protein crystallization, fluid 
mechanics, and cell biology. Later, three pi 
Joads will be fixed to the exposed facility, 

including an X-ray seanner to catch novae and 
gamma ray bursts, an atmospheric monitor, 
and a material-exposure facility. “From the 
bexinning, science was intended to be a key 
factor for the ISS. I like to see that directio 
pursued.” says astrophysicist Shoji Torii of 
Waseda University in Tokyo, who is designing 


Once Columbus and Kibo arein place, fans 
‘of the space station will finally have a chance to 
do the unique science they promised. That 
‘opportunity is all ESA'S Thirkettle wants, “I'm 
Jooking forward with anticipation, not tepi 
tion,” to the launch of Columbus, he says. 
“Now we have an opportunity to really exploit 
this gorgeous piece of hardware.” 

DANIEL CLERY 
With reporting by Dennis Normite, 
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edited by Jennifer Sills 


Global and Local 
Conservation Priorities 


IN THEIR POLICY FORUM, “GLOBALIZATION OF CONSERVA- 
tion: A view from the South” (10 August, p. 755). J. B 


that internati 


Rodriguez etal. cla 


‘organizations (INGOs) promote conservation from the top 


down, through g 


building local capacity i 


tance, They also liken INGOs to transnational corpora 


tions, We respectfully di 


Perhaps the best example of support from an INGO to 
community-based conser 


‘over 119,000 kn 
incre 


sed control over wildlife resources. Ri 


Park, Mozambique, the 
Afric: 


Conservation organizations 
tions; rather, they 


ce det 


¢ led by passion 


servation capa 


obal biodiversity priority-setting, rather 
than from the bottom up, by supporting local groups or 


wgree with both assertions, 


tion is World Wildlife Fund's (WWF's) 
conservancies operatin 

enous groups to directly be 

her than top-down, this 

initiative devolves user rights to groups previously marginalized under 

apartheid. Another example is Qualilea Island, Quirimbas National 


which was established with WWE support to local communi- 
ties to better manage local fisheries (see photo) 

fe not faceless transnational corpora 
nders of the n 
Who are devoted to helping local communities: 


¥y. Three outstanding examples draw 


Asia, in the Ani 
others 


Chandra 


conservation efforts, 


tural world 
nd building local con- 
fom the work of 


References 


EDUCA’ 


including some of the r 
perished in a helicopter 
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Community empowerment. A local fisherman sets 
‘up a buoy marking a boundary of a community: 
enforced total protection zone near Rolas Island in 
the northern part of Quirimbas National Park. 


Henri Nsanjama, Mingma Norbu Sherpa, and 
Chandra Gurung (J, 2), During his lifetime, 
Nsinjama was Head of the African College of 
Wildlife Management before joining WWE, 
and in his tenure as Vice President for Attica 
he did more to build local capacity among 
African professionals than virtually any of his 
contemporaries, Mingma Sherpa and Chandra 
Gurung were world-renowned conservation- 


te the first locally managed conservation area in 
apurna region, In Septembi 


2006, they and 22 
ns leading conservationists: 
handin 


over the 
toa 


sh after successfull 


rement committee. The memories of Henri, Mingma, and 


ionists committed to supporting local 


ERIC DINERSTEIN 


Conservation Sdence Program, World Wildlife Fund, Washington, DC 20037, USA. 


1. E Dinertein, .Yon0n, Comins Biol. 22, 278 2007), 
2. E Dinerstein, Pocyderm 41, 107 (2007) 


IN THE POLICY FORUM “GLOBALIZATION OF 
conservation: A view from the South” (10 
August, p. 755), J. P. Rod 
leagues argue that large international non- 
governmental organizations (INGOs) set the 
global conservation ag. 
define worldwide priori 
As a result, they assert, INGOs increase 
their own fimndraising capacity. investments in 
biodiversity conservation by local govern- 
ments decline, and local NGOs (LNGOs) are 
forced out of the market. Thus, they compare 
INGOs to transnational corporations 


suez and col- 


wa by using tools to 


s of conservation 


Current experience in Brazil is otherwise. 
First, the executed budget of the Brazilian 
Ministry for Environment has doubled be 
tween 1999 and 2006 (1), which parallels the 


range of increase in expenditures (shown by 
Rodriguez et al.) for global actions fos- 
tered by Conservation Intemational (C1) and 
World Wildlife Fund (WWF)—INGOs with 
strong Brazilian branches, 

Second, the argument that conservation 
training is insufficiently supported by INGOs 
does not hold true in Brazil, Graduate train 
ing. which has recently been credited with 
boosting Brvilian scientific productivity (2 
is traditionally fostered by governmental 
agencies. However, INGOs and LNGOs now 
occupy a central role in 
biodiversity sciences, with no niche 
Fundin 
and infrastructure is provided by both INGOs 
(such as CI and WWF) and LNGOs (such as 


raduate training on 
wverlap. 
for field courses, research projects 


SCIENCE 


vol 


Fund: Biodiversitas, Fundagio O 
Boticario, and Instituto Internacional de 
Educagio do Brasil) (3-6). The LNGO 
Instituto de Pesquisas Ecoligicas (IPE) will 
soon pioneer a professional masters program 
focused on conservation (7). C1 is providing 


ants, and personnel toa graduate pro- 
gram on tropical biodiversity at the Federal 
University of Amapa in partnership with f 
eral and local governments (8). Both IPE and 
Clare promoting high-quality training to con- 
servationists and academics. 


Lagree with Rodriguez and colleagues’ 
idea that conservation leadership ought to be 
decentralized and integrated into local condi- 
tions. In Brazil, however, this isa governmen- 
tal issue, as defined by the federal constitution. 
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There is plenty of room for both INGOs and 
LNGOs to help Brazil reach bi 
standards in biodiversity sciences and to 
bridge scientific knowledge and decision- 
making (6), 


her scientific 


FR, SCARANO 


Departamento de Ecologia, Universidade Federal do Rio de 
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IN THEIR POLICY FORUM, “GLOBALIZATION OF 
conserv A view from the South” (10 


Au 
Southem scholars to promote self: 


ust, p. 755). J. P. Rodriguez er al. call upon 


local institutions, enhance human capacity 
and secure local participation in conservation, 
These 


goals cannot be met without certain 


prerequisites. 
In order for the participation of local peo: 
Ns to flourish, it is necessary 


ple and instin 
to build local community capital (/), improve 


eernance (2), and enhance equity in 


it and burden sharing. Only 6% of bio- 


sts live in the South, which is 
han 85% of the world's bio- 


diversity (3); without bolsterin, 


tal, oureffon 


human capi- 


in achieving these goals m 


be counterproductive. Moreover, in light of 


ships and the 


the cuts in university schol 
small percentage of the INGOs’ budgets that 
ed 
ies, regional-level efforts are needed to 


9 building capacity in developin; 


generate scholarship. To improve tr 


ni 


efficiency. online training and in-country or 
‘on-site trainings should be encouraged. 

The South is home to some re 
versities and highly competent scientists 


wed uni- 


Other countries should send scholars to those 


universities, and regional scientists should 


mentor university students. More interaction 
between southern countries is crucial to 


achieving  self-sustainability goals, but 


short-and long-term alliances between north- 
ern and southern countries can still reduce 


redundancy and improve efficiency. Let's 
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work together to translate the slogan “think 
lobally, act locally” into action 

PASHUPATI CHAUDHARY 
Department of Biology, University of Massachusetts Boston, 
Boston, MAQZ125, USA 
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J. P, RODRIGUEZ ET AL, (POLICY FORUM, 10 
A 755) highlight the need for 
increased funding and training for local con- 


servation institutions to achieve biodiversity 
conclusion 


conservation on the ground: 
with which we emphatically agree, They also 


claim that global conservation prioritization 


templates are equivalent to top-down develop- 
‘ment plans, but do not acknowledge that one 


purpose of global priority-setting is channel 


Conservation International (Cl) and other 


global conservation organizations act as con- 
duits for financial suppor, eapacity-buildin, 


and technical assistance within countries, 
Over the past 5 years, CI has provided more 
than $100 million in fandin; 
1000 partner 
from sources that would not have been avail 
able without glob ion NGC 

Global conservation priorities also serve 


to more than 


Arguably, these resources come 


as a scientific blueprint for governments to 
adapt and link local and ns 
with global ones, Mad: 


al priorities 


a 
President Mare 
's government has used CIS 


such powerful example 
Ravalomanan 


Hot Spots concept as a way to engage the 


international community in supporting a plan 
to triple the co 


intry S protected a 


a cover 
Such national leadership combined with local 


implementation capacity has led to the 
creation of a national conservation trust fund 
that now has a capitalized value of over US. 
$30 million. 

We agree with Rodrigue: 
tions must int 


et al, that “solu. 


nite extremely diverse natural 


socioeconomic, and cultural systems and usu- 
ally require a sense of community ownership: 
which is why CI supports local groups 


developing responses they deem appropriate, 


Approaches often support existin, 
tions in building others at scales below 
them, For example, CI's Critical Eeosyste 
Parinership Fund provides funds to the Liberia 
Conservation Action Fund, which then makes 
grants to small NGOs. 

A fundamental pillar ofour business model 


is to create partnerships for more lasting and 


jen 
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powerful conservation results. These partner- 

ships include a long-term component of capacity~ 

building and learning so that Cl can eventually 

divest from an area when local leadership is 

strong. Often, these solutions mean that CL 

funds organizations and programs well outside 

of universities or the biological sciences, 

believing instead that the “strong local institu- 

tions and individuals” that Rodriguez et al. call 

for must span civil society. It is precisely these 

strengthened sectors and partnerships, from 

local to global scales, that are needed to bring 
about conservation successes. 

RUSSELLA, MITTERMEIER, CLAUDE GASCON, 

LEON RAJAOBELINA, JATNA SUPRIATNA, 

JOSE MARIA CARDOSO DA SILVA, 

‘CARLOS MANUEL RODRIGUEZ, 

‘LU ZHI, KATRINA BRANDON 

Conservation Intemational, Atingtn, VA22202, USA. 
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Response 

THE LETTERS BY DINERSTEIN, SCARANO, AND 
Chaudhary focus on the eapacity-building ele- 
‘ments of our article, rather than on out eritique 
of branding st es of international non- 


governmental organizations (INGOs). While 
‘we are grateful to the authors for providing 
cases of successful capacity-building. it 
remains unclear whether this is a prevalent 
trend among biodiversity conservation INGOs 
or governmental organizations worldwide. 
Investment in local capacity has not been a 
funding priority (/), even though the existing 
cadre of conservation professionals is substan- 
tially below the level required for biodiversity- 
rich countries (2, 3). Additionally, strengthen- 
ing local capacity ts not identified in the mis- 
on statements of major INGOs (4), nor is it 
systematically assessed. Philanthropic organi- 
zations that fund these INGOs have not prion- 
tized building local capacity, which may par- 
tially explain the reluctance of the INGOs to 
embrace this asa primary goal. Many institu- 
tions in developed countries rely on individ- 
ual donations and endowments to cover core 
‘operating costs, sources rarely available in the 
developing world. Therefore, local organiza- 
tions often depend on international funds for 
their projects, which are ffequently tied to pri- 
orities set by the INGOs, 
‘As Dinerstein and Searano demonstrate, 
there is anecdotal evidence of local capacity- 


building. We recommend a sector-wide, 
tematic evaluation of investments in strength- 
ening local scientific and institutional capacity 
for conservation asa basis for developing indi 
ators to guide improvements, Commonly 
tracked variables in conservation, such as 
number of hectares protected, deforestation 
rates, species population trends, legislation 
passed, and policies changed, are not as usefil 
for this purpose as metrics that track inves 
‘ment in capacity-building. We further re 
mend that donors create incentives so that 
grants given to INGOs are implemented 
directly by local organizations; fund more 
training at local universities, as suggested by 
Chaudhary; help local organizations raise 
and provide 
‘management assistance. Better yet, developed 
country donors could mount a major fund 
ing effort and provide endowments for core 
support to local organizations that meet and 
‘maintain performance standards; the funds 
‘would be distributed based on conservation 
needs worldwide 

As the examples of Dinerstein and Sea 
underscore, INGOs employ many dedicated 
and talented conservation seientists, Searano 


funds for their home priori 
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shows that Brazil is among the vanguard of 
countries assigning high priority to building 
their conservation science sectors, but it is an 
outlier (along with Mexico) in Latin America. 
As of 2005, of the 40 formal programs offer- 
ing conservation biology courses inthe region, 
67% were registered in either Brazilian or 
Mexican universities (2) Had the tragic event 
mentioned by Dinerstein occurred in a devel- 
oped country, it would have remained an 
immense human tragedy, but the impact on 
conservation efforts would have been short- 
lasting; numerous qualified professionals 
‘would be available to follow in the tracks of 
those who died. This is not the case in Nepal or 
in the vast majority of the developing work, 
Mittermeier er al. agree that large INGO 
branding strategies are useful for fundraising, 
but they offer no scientific evidence to support 
the prioritizing templates used in the brands. 
By devoting the lange sums they raise to areas 
lected on grounds that are not the product of 
sciemtfie consensus (such as Hot Spots) (5), 
they exclude many regions of high biodiversity 
importance (6). Moreover, if only Hot Spots 
ane protected ina sea of development, they will 
‘not survive intact in the face of elimate change 


and invasive species, including pathogens. 
Finally, we are pleased that Mittermeier et al. 
agree with us on the importance of local lead- 
ership and capacity-building: we believe that 
strong local leadership merits major, long- 
term investment. 
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CORRECTIONS AND CLARIFICATIONS 


Reports: “ ‘silent’ polymorphism in the MOR gene 
changes substrate specficty" by. Kimchi Safaty ea. (26 
January. $25). Based on an inquiy from Jack Korba, 
the authors wish to cai that the protein sequence was 
obtained from a detailed mass spectrometric study per= 
formed atthe Harvard Microchemistry Facility (HM) by 
microcapllary reverse-phase HPLC nano-electrospray tan= 
‘dem massspectrometr. HME performed both chy matryptic 
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‘and pronase digestions ofthe protein. n al. 82 peptides 
(representing 379% of the Pap sequence by amino acid 
count) were identified and sequenced (see Supporting 
‘Online Material at www sciencemag,oe/cgilcontent/ull 
318/5855/1382/0CD). Each ofthese sequences was identi- 
‘alto the sequence of haplotype P-glycoprotein. Moreover, 
‘several iferert peptides encoded by the synonymous SNP 
(2435C>0, which isthe key polymorphism tinked to the 
funcional change in Pop, were sequenced and found to be 
unchanged. In addition, the analysis of codon usage, 
table S1 inthe original Supporting Online Material (see 
worn sclencemag.org/eitdata/1135308/0CL/1) contains 
for each codon around the three polymorphisms the fre~ 
‘quency of this codon per 1000 codons in the human 
‘Genome instead of RSCU values as stated inthe text. These 
values were obtained from the codon usage Web site 
(wc tazusa.or jpcodon/cgibinshowcodon.cqispecies= 
Homoesapiens# 96S Bgbpr%eSD). Figure 1, panels D to F 
‘shows results inthe presence of cyclosporin A (+A), not 
4/G30, as indicated in the body ofthe igure, This is cor 
reat stated inthe legend. These clarifications do not affect 
the conclusions ofthe paper. 


TECHNICAL COMMENT ABSTRACTS 


Comment on “Decagonal and Quasi 
Crystalline Tilings in Medieval 
Islamic Architecture’ 


Emil Makovicky 


Lu and Steinhardt (Reports, 23 February 2007, p. 1106) 
claimed the discovery of a large, potentially quasi- 
‘crystalline Itamic tiling inthe Darb-i imam shrine but 
regard the earlier Maragha tiling, previously described as. 
‘quasiperodk, as a small isolated moti, We demonstrate 
that the Darb-i Imam pattern is periodic and that the 
‘quasi-crystalline dies superimposed on its lattice are 
derivatives of the Maragha pattern 

Full text at wnn.sciencemag.orgiegicontentul318/ 
5855/1383 


ResPONsE To CoMMENT ON “Decagonal 


and Quasi-Crystalline Tilings in 
Medieval Islamic Architecture” 


Peter J. Lu and Paul J. Steinhardt 


‘Our study showed that both Gunbad-i Kabud and Darb-t 
Jam tessellations belong toa sequence of lami tings, 
that resolve into a common set of girth tiles, s0 local simi 
lartes are expected. However, historically accurate recan- 
structions show that Darb-t Imam is unique, the only 
known example that doesnot repeat periodically an that 
displays asell-similar transformation enabling is contin- 
uation ad infinitum toa perfect quast-crstalline pater. 

Full text at ww.sciencemag.orglcgicontent/tull318 
5955/1383 
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sensitive technology and can detect very small 
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pment ei related to a disease or treatment of interest. 
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poiwhisties PRD. sample collection, processing, handling, and 
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jira data may be tainted by site-, study-, population, 
or sample-specific anomalies and, therefore, not 
be sufficiently robust for biomarker discovery. 


+Join our panel of experts in alive, audience- 
driven Q&A as they discuss how to overcome 
these reproducibility issues to generate less 
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PSYCHOLOGY 


Learning from Words 


Robin Lakott 


anguage comes naturally to humans, 
| but understanding how it works, much 
less so, How come you can drive on a 
parkway, and park on a driveway, but not park 
‘ona parkway? Conundrums like this fill some 
‘of us with delight and others with unease: lan- 
‘guage should, some feel, work logically 

Both parties will find pleasure and eluci- 
dation in Steven Pinker’s new book, The 
Stuff of Thought: Language as a Window into 
Human Nature. Pinker, a cognitive psycholo- 
gistat Harvard University, brings an engaging 
and witty style to the study of subject matter 
that—were it not as important to us as it is 
complex—might otherwise be off-putting. 
His overall theme isthe way in which linguis- 
tie forms are in some sense inevitable, rather 
than chaotic: intrinsically bound to the way 
‘our brains are wired. 

Inasense, the work of Pinker and his col- 
Jeagues is a continuation of Chomsky’s revo- 
lution of a half-century ago. Chomsky, after 
all, famously called language a window into 
the mincl a statement Pinker’ subtitle echoes. 
But where Chomsky justified his theorie 
intuitively. creating his example sentences anal 
testing their grammaticality in his own mind, 
Pinker and his colleagues are empiricists, 
proving their claims by experimentatio 

Pinker discusses language at all levels, 
from sounds, to words and phrases, to larger 
units (sentences and beyond). There isa set 
of English words that begin with gl-: glare, 
glow, glass, gleam, and glimpse (among 
many others). Is the similarity due to mere 
coincidence? Pinker says that 
all such words have as part of 
their meaning the suggestion 
mmission of light.” Even 
in those areas that some might 
want to banish from the 
domains of orderly reason, 
like four-leter words, lan- 
guage works according to 
general principles. Pinker 
cites the work of the fet 
linguist Quang Fue Dong (an alter ego of the 
very real linguist James D. MeCawley), who 
ed against the common assumption that 
“Fuck you!” is an imperative. In a true 
imperative, a second-person direct object 


The reviewer is atthe Department of Linguistics, 1203, 
Dwinelle Hall, University of California, Berkeley, CA 
94720-2650, USA. Eat rlakoti@berkeley.edu 
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The Stuff of Thought 


Alice finds Humpty Dumpty very clever at 
‘explaining words. 


must be reflexive: yourself, not you. OF 
course, this discussion (in the chapter “The 
seven words you can’t say on television”) is 
good clean (if ttillating) fun, but 
Pinker deepens the discussion to 
illustrate important properties of 
language. The fun aspects of lin- 
guistic theory are inseparable 
from its deeply serious nature. 
This necessary connection be~ 
tween depth and wit is echoed in 
Pinker’s style. Where the dise 
sion might bog down of its own 
‘weight, he leavens the dough with 
humor: quips. anecdotes. jokes. and comic 
strips. Chomsky and other cognitive theorists 
are often cited, as we would expect: but so, to 
good effect, are Groucho Marx, Lewis 
Carroll, and Dorothy Parker. 
The chapter “Games people play” 
some of the larger and more abstract uses of 
inguage: the way we use it interactively 
choosing to be direct or indirect, polite or 
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rude—that is, to behave as proper (or not) 
social beings, Just as language is rigorously 
rule-governed at the sound and word levels, 
‘our brains impose predictability on our devi- 
sions at this more abstract level as well. How 
do you get someone to lend you money? 
Some of us might adopt a strategy of indirect 
pessimism: “I don’t suppose you'd be able to 
lend me some money?” Whereas others 
might use direct camaraderie: “I know 1 ean 
count on you to help me out with some 
money.” Cultures, and the individuals within 
them, have preferences, depending on speak- 
cers’ assessments of the social and psycholog. 
ical contexts in which they are trying to meet 
their needs, Although Pinker's discussion of 
this topic is generally informative and engag- 
ing, here is one place where he might have 
gone beyond the fields in which he claims 
expertise, Interactional sociolinguists like 
John Gumperz, Deborah Tannen, and Deborah 
Schiffrin have had a great deal of interest to 
say on these topies, Likewise, the work of 
William Labov in a great many areas of soci- 
linguistics would provide Pinker with 
additional evidence of the rationality and 
logic of linguistic choices, But the book is 
ously lacking in any discussion of socio- 
linguisties whatsoever. 

Although the author generally shows per- 
fect intuition for how much to say about com- 
plex topics, occasionally he falters. His dis- 
‘cussion of meaning and naming in the chapter 

‘What's in a name?”, while useful in leading 
up to his detailed examination of naming con- 
ventions of all kinds, goes into too much for- 
mal detail, at least for my taste. On the other 
hand, despite its length his discussion of 
politeness and indireciness, as noted above, 
‘oversimplfies the questions it explores. 

But these are mere quibbles when dis- 
cussing such an inviting and important 
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book. Everyone with an interest in language 
and how it gets to be how it is—that is, 
everyone interested in how we get to be 
human and do our human business—should 
read The Stuff of Thought. 

W.1126science 1150869 
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Dancing Continents 
Kevin Burke 


come of the world’s ocean basins, like 
Giese crm ie 

while others, like the Pacific, are clos- 
ing, Plate tectonic data recording the rotation 
Of rigid objects across Earth’s surface mean 
that we ean analyze the plate motions associ- 
ated with these openings and closings. Forty 
years ago, Tuzo Wilson pointed out that 
because similar analyses are impossible for 
times betore the age ofthe oldest ocean floor, 
the best we can do is to interpret the older 
geological record in terms of eyeles (now 


when continents were broken up | New 


continents as well as their colorful and, in 
some cases, disreputable protagonists. Nield 
relates many subjects that are currently major 
foci of research in Earth history to his theme. 
For example, he provides clear and well- 
informed treatments of ev 
dence from Australia fort 
existence of abundant conti- 
nental material about four bil- 
lion years ago; evidence for a 
snowball Earth, at the end of 
the Proterozoic: and evidence 
forthe, very likely related. ori- 
gin of complex life forms afier 
the end of that extraordinary 
episode of cooling. 

Although enjoyed the book 
and learned much from it, 1 
remain puzzled about how to 
recognize a supercontinent, I came to the book 
assuming that supercontinents contain all the 
‘continental crust of the Earth. The illustrated 
future example, boldly constructed by Roy 
Livermore, contains all continental material in 


i 
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continental blocks. I suggest a testable prop- 
erty for identifying supercontinents would be 
“contains nearly all extant continental crust.” 

Rodinia has been suggested to have been a 
‘supercontinent assembled through collisions 
of various fragments with an 
already-ancient Laurentia about 
‘one billion yearsago, although my 
estimate of the area of its assem- 
bled blocks makes it only about 
half as large as the younger 
Pangea. Nield writes a lot about 
Rodinia, mostly emphasizing its 
breakup, but does not include a 
map of it—perhaps because there 
is no consensus about what 
Rodinia looked like. Assembled 
continental fragments have been 
arranged around Laurentia in a 
variety of way's the figure shows a version 
drawn by Trond Torsvik (2). 

The difficulties in recognizing ancient 
supercontinents involve not only estimating 
how much of then-extant continental crust 
\was incorporated into the newly assembled 


ary phenomena from continental 


called Wilson cycles) of the opening body but also obtaining high-resolution 
‘and the closing of ocean basins (/). age determinations and distinguish= 
The way of describing how and [Rodinia * ing other convergent plate bound- 


and younger continents or super 
continents were later assembled 
has been to map and date sutures 
Within continents that mark the 
places where ancient ocean basins 
have opened and closed. Ted 
Nield’s imagination has been 
tured by one aspect of these cycles. 
He writes: “The Earth's land- 
masses are locked in a stately 
quadrille that geologists call the 
Supercontinent Cyele, the grand~ 
est of all the patterns in nature.” [ 
have too many astronomer friends 
to be able to accept that, but it does. 
show that the idea of supercontinents 
has hooked Nield, and it accounts for the 
book's title being in the singular. 

‘Nield (the editor of the Geological Society 
of London’: magazine Geoscientist) has 
responded to being hooked by writing a book 
that is both informative and entertaining. He 
has thought well outside any academic box, 
touching on a huge diversity of topics. He 
writes ofa future Earth with a single super- 
continent visited by a spacecraft from far in 
the galaxy (that accounts for his book's subti- 
tle), and he tells of fictional and postulated 
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collisions. An even harder prob- 
Jem is determining where the 
objects involved in an assembly 
‘were, not only with respect to each 
other but also with respect to 
Earth’s spinaxis. Ancient latitudes 
and longitudes are essential. There 
has been progress in estimating 
ancient latitudes using paleo- 
‘magnetism; thusa few continental 
blocks now have credible poles for 


a single roughly elliptical body, and Nield 
describes Pangea as supercontinent that con- 
tained nearly all continental crust. Imagine my 
surprise when I read: “Pangaea consisted of 
‘two smaller supercontinents joined a the hip in 
the region of the Equator: Laurasia in the 
Northem Hemisphere ... and Gondwanaland 


in the Southern..." I was left asking what a 
supercontinent is. I do not think it is simply 
something assembled from smaller continen- 
tal blocks, because that would make all conti- 
nents supercontinents. Even Greenland (only 
‘two million km?) is crossed by two sutures, 
Which indicate its assembly from three smaller 
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as long ago as one billion yeai 
But resolving ancient longitudes 
is not yet feasibl 

Nield has not persuaded me 
that there is yet a case for the existence 
fof ancient supercontinents (other than 
Pangea) that contained al of the Earth's con= 
tinental crust—Iet alone evidence of eycles 
‘of supercontinent assembly. Nevertheless, | 
think that Supercontinent 
because ofits lively and stimul 
tive on many topical aspects of Eart 
tory. A robust foundation is not, a 
essential for a good book: Proust’ 
piece rested on no more than the smell of 
pastry fragment soaked in tea. 
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CLIMATE CHANGE 


Climate Assessment: What's Next? 


Frank Raes'* and Rob Swart? 


he Fourth Assessment Report of the 
T Intergovernmental Panel on Climate 

“hange (IPCC) (1) isa milestone for 
climate-change science and policy. It con- 
cludes that global greenhouse gas emissions 
‘must peak and decline within the next decade 
to keep the increase of global mean tempera 
ture below limits accepted by some parties. By 
2009, there should be an agreement on how to 
proceed with emission cuts after the Kyoto 
Protoc ommitment period ends in 
2012. Is the IPCC sll sufficiently equipped 
{o support the United Nations Framework 
Convention on Climate Change (UNFCCC) 
in directing the required action? 

The IPCC is not a UNFCCC body, but the 
UNI 's Subsidiary Body on Scientific 
and Technical Advice (SBSTA) considers the 
IPCC a main source of independent informa 
tion, We believe that comprehensive [PCC 
reports every 5 to 6 years (which also require 
additional years to filter through the SBSTA) 
are not sufficient to aclequately inform policy. 
In addition, key questions are likely to cut 
cross the boundaries of the current Working. 
Group (WG) structure of the IPCC: W 
deals with the scier 
climate system; WG2 with climate-change 
impacts, adaptation, and vulnerability; and 
WG3 with mitigation of climate change 
‘Topics such as large-scale biofuel use and the 
regional and global costs of adapting to cli- 
imate change will require better int 
among the natu 
ences and hence, among WGs. 

‘The IPCC could leam from an assessment 
process that is faster and more integrated and 
that supports the U.N. Convention on Long- 
Range Transboundary Air Pollution (UNCLR- 
TAP)(2), Both the UNFCCC and the UNCLR- 
‘TAP went through an inital phase in which sci 
ence was mainly used to provide the foundation 
for requesting action by the decision-makers. 
‘The UNCLRTAP has moved to the next stage, 
using science to support the identification and 
design of policy responses, while the UNFCCC 
is presently making that transition. 
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The UNCLRTAP was signed in 1979 after 
the observation of lake acidification in 
andinavia caused by pollutants emitted 
elsewhere. The first Sulfur Protocol (1985) 
involved a flat rate 30% emissions reduction, 
based on economic and technical feasibility 
rather than on scientific. However, to justify 
further emission reductions, a quantitative 
analysis of the link between emissions and 
acidification was required, as well as a scien- 
tific basis for developing new tangetsandcost- 
effective measures. 

‘Apolicy-oriented research and assessment 
community was formed around formal work- 
ing groups, task forces, and centers under the 
UNCLRTAP, reporting ann 
sidiary bodies. They developed simplified 
descriptions of atmospheric transport, ecosys~ 
tem and health impacts indicators, and infor- 
mation on emission controls, feeding into 
integrated assessment models. Pragmatically, 
the number of models and data sources was 
kept limited. Cutting-edge research was not 
included, but procedures for review and reso- 
lution of disagreement were developed that 
involved scientists and relevant stakeholders, 
This extended peer review broadened the 
quilty of the assessments from purely scien- 
tific wo “fit-for-purpose.” 

During the 1990s, a parallel community in 
atmospheric science made advances, but 
without structural links to policy-making 
groups. As a consequence, new tools, knowl- 
edge, and altemative views were not system- 
atically included for consideration. Now, the 
gap between those focusing on policy and on 
basic science has started to shrink, The 
UNCLRTAP's scientific support bodies are 
‘more open to partnering with the scientific 
community. In particular. the Task Force and 
Centre for Integrated Assessment Modeling 
has been key to fostering integration and 
stakeholder interaction. Simultaneously basie 
research programs are increasingly bringing 
new problems to the attention of policy- 
makers, such as hemispheric transport of air 
pollution, and providing a scientific basis for 
addressing policy questions (3). 

The IPCC does not have the same relevance 
to climate policy as do the scientific assess- 
‘ments for air pollution policies. Cross-cutting 
issues cannot currently be addressed compre- 
hensively and in a timely fashion because of 
the divided working group structure of the 


Future international scientific climate change 
assessments should be faster, more integrated, 
and more directly linked to policy questions. 


IPCC. A systematic comparison of the costs 
and benefits of different levels of intervention 
‘was tackled outside the IPCC by the Stern 
review (4). However, it lacked global legiti~ 
‘macy. coming from only one country, and did 
not have the scientific eredibility of IPCC's 
more thoroughly reviewed assessments, 
The IPCC procedures already allow forsp 
cial reports witha 2- to 3-year production cy 
A faster procedure might be achieved by ereat- 
ing a group dedicated to integrated assessment 
that marries the more immediate policy rele- 
vance of the UNCLRTAP scientific bodies 
with the sciemtfic credibility of the IPCC. It 
‘would interact directly with the SBSTA and 
sues simultaneously if 


ly comprehensive science updates will 
still be needed to inform policy, although per- 
haps less frequently. Here, too, it is possible to 
learn from other organizations, The Millen- 
osystems Assessment developed 
aan approach linking different geographical 
scales. The Technical and Economic Advisory 
Panel (TEAP) of the Montreal Protocol 
involves private-sector stakeholders better 
than the IPCC does. 

With the emphasis shifting to response 
“options, the IPCC could collaborate more sys- 
tematically with international organizations in 
the area of development, economy, and tec 
nology. The scientific community has al 
organized itself within the Earth S 
Science Partnership (5) to underpin such 
assessments with the required integrated sei- 
entific knowledge. 
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THE EARLY YEARS 


Preschool Program Improves 


Cognitive Control 


Ads 


xecutive functions (EFs), also called 

in school and life. Although EF skills 
are rarely taught, they can be. The Tools of the 
Mind (Tools) curriculum improves EFs in 
preschoolers in regular classrooms with regular 
teachers at minimal expense, Core EF skillsare 
(i) inhibitory control (resisting habits, tempta- 
tions, or distractions), (ii) working 
memory (mentally holding and using 
information), andl (ii) cognitive flex- 


ibility (adjusting to change) J, 2). 
Significance 
EFS are more strongly associated 


\with school readiness than are intel 
gence quotient (1Q) or entry-level 
reading or math skills (3, 4) 
Kindergarten teachers rank skills 
like self-discipline and attentional 
control as more critical for school 
readiness than content knowledge 
(3). EFs are important for academic 
achievement throughout the school 
years. Working memory and inhibi- 
jon independently predict math and 
reading scores in preschool through 
high school e.x.. (3.6, 7) 

Many children begin schoo! lacking in EF 
skills (5), Teachers receive litle instruction in 
how to improve EF and have preschoolers 


removed from class for poor self-control at 
alarming rates (8, 9). Previous attempts to 
improve children’s EF have often been costly 
and of limited success (/0-12). Poor EFs are 
associated with such problems as ADHD, 
cher burnout, student dropout, drug use 
and crime (2), Young lower-income children 
have disproportionately poor EFs (13, 14), 
They fall progressively farther behind in 
school each year (/5). 


The Study 
The opportunity to evaluate Tools of the 
Mind (Tools) and another curriculum arose 
When a low-income, urban school district 


"Department of Psychiatry, Univesity of British Columbia, 
Vancouver, BC V6T 2K; BC Chiles’ Hospital, Vancouver, 
1, Canada. ‘National Institue for Early Education Research 
ANIEER), Rutgers Univesity, New Brunswick, N, USA. 


*nuthor for comespondence.E-mait: adele iamond @ube.ca 


Diamond,'* W. Steven Barnett? Jessica Thomas? Sarah Munro 


agreed to randomly ass 


dren to these two cur Our study 
included 18 classrooms initially and added 3 
more per condition the next year. Quality 
standards were set by the state. All class- 
rooms received exactly the same resources 
and the same amounts of teacher traini 
and support (2). Stratified random assign- 


iddy reading.” Two preschoolers engaged in Tools activity, The ear line- 
drawing held by one guides her attention (2) 


ment of teachers and assistants minimized 
confounds due to teacher characteristics 
EF-training curriculum: Tools, The Tools 
curriculum (16) is based on Vygotsky's 
insights into EF and its development. Its 
core is 40 EF-promoting activities, includ- 
ing telling oneself out loud what one should 
do (“self-regulatory private speech") (17) 
dramatic play (/8), and aids to facilitate 
memory and attention (/9). Tools teachers 
spent ~8¢ day promoting EF 
skills. Tools has been refined through 12 
years of research in preschools and kinde 
gartens. Only when EFS we jenged 
and supported by activities throughout the 
day did gains generalize to new contexts (2). 
District's version of Balanced Literacy 
curriculum (dBL). The curriculum developed 
by the school district was based on balanced 
literacy and included thematic units. Tools 
and dBL covered the same academic content, 
but dBL did not address EF development 
[For teacher training and fidelity. see (2).] 
Participants, Data are reported on 147 
preschoolers (62 in UBL and 83 in Tools) in 
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Cognitive control skills important for success in 
school and lie are amenable to improvement in 
at-risk preschoolers without costly interventions, 


their second year of preschool (average age: 
years in both) who received UBL or Tools 
for | or 2 years, Those who entered in year 2 
had attended other preschools for a year. All 
‘came from the same neighborhood and were 
randomly assigned to Tools or dBL with 
no self-selection into either curriculum, 
All came from low-income families: 78% 
with yearly income <$25,000 (2) 
Afier year 1, so convinced 
‘were educators in one school that 
Tools children were doing sub- 
stantially better than dBL chil- 
dren that they halted the experi- 
‘ment in their school, reducing our 
sample of dBL children, 
Measures of EF Outcome 
measures (the Dots task and 
Flanker task) were quite differ- 
from what any child had 
done before, These measures are 
appropriate for ages 4 through 
adults, assess all three EF com- 
ponents, and require prefrontal 
cortex (20-21). They were admini- 
stered in May and June of year 2 
In all conditions of the Dots 
task (20), a red heart or flower appeared on 
the right or left. Inthe congruent condition, 
‘one rule applied (“press on the same side as 
the heart”). Dots-Incongruent also required 
remembering a rule (“press on the side oppo- 
e the flower”) plus it required inhibition of 
the tendency to respond on the side where the 
stimulus appeared. In Dots-Mixed. incongru- 
cent and congruent trials were intermixed (tax- 
all three core EFs). Children were given a 
Jot of time to respond [over five times as long 
as preschoolers usually take (20)]. 
The central stimulus for our Flanker task 
sa circle or triangle. Memory demands 
were minimized by a le atop the right- 
dat the bottom right ofthe screen, 
ilar aids for the left-hand circle 
response, The image to focus on was the small 
shape in the center: the distractor (or flanker) 
tobe ignored was the larger shape surrounding 
it, Congruent (¢.g.,.9 inside O) and incongru- 
cent (e.g, A inside ) trials were intermixed. 
Next came “Reverse” Flanker, where children 
had to focus on the outside shape, inhibit 
attention to the inside, plus flexibly switching 
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‘mindsets and attentional focus. The rules were 
still “press right for A and left for 0." Again, 
children were encouraged to take their time 
and not to rush, 

Independently, NIEER administered aca- 
demic measures to Tools children only. These 
are described in(2), 


Tools accounted for more variance in EFs than 
did age or gender and remained significant 
\when we controlled for those. These findings 
of superior scores by Tools children compared 
with closely matched peers on objective, 
neurocognitive EF measures are consistent 
With teachers ‘observations (24), 

Although play is often thought frivolous, it 


Results may be essential. Tools uses mature, dramatic 
We report accuracy rather 

than speed because, for 0. @ 

‘young children, accuracy 

is the more sensitive mea- o ra 

sure (23), We conducted 2 

multiple regression analy-— Z 4 Sa 

ses with age, gender, cur & z 

riculum, and years in cur i : 

riculum as independent i 2» 

Variables, Interaction terms i 

‘were insignificant and were 5 5 j Pe 

dropped. On Dots-Congru- 

ent, which had minimal 4 

EF demands, children per- w. 

formed similarly regard- 39 

less of curriculum, year oa, aa aa 
in a curriculum, or gendler, 

though older children per- Demands &F ‘More Demanding of EF 


formed better, 

‘When an inhibition de- 
mand was added (Dots- 
Incongruent), Toolsehildren 
significantly outperformed 
UBL children (see the figure, 
left of above). Dots-Mixed taxed all three EF 
skills and was too difficult for most dBL 
children: Almost twice as many Toots as dBL 
children achieved >75% correct on training 
trials (see the figure, right of above). 

Our Flanker task, like Dots-Incongruent, 
taxed inhibition (with minimal memory or 
flexibility demands). Tools children signifi 
cantly outperformed dBL children (figure 
above). On Reverse Flanker. JBL children 
performed near chance (65% correct), but 
Tools children averaged 84% correct (see 
figure, above). Thus, the most demanding 
Dots and Flanker conditions showed the 
largest effects: those effects are socially sig- 
nificant because they are sizeable, 

Tasks that were more demanding of EFs 
correlated more strongly with standardized 
academic measures, For example, "Get Ready 
to Read” scores correlated 0.05, 0.32, and 
0.42 with Dots-Congruent, -Incongruent, 
and -Mixed, respectively (2). 


Conclusions 
‘Some think preschool is too early to try to 
improve EFs. Yet it can be done. EFs can be 
improved in 4-to S-year-olds in regular public 
school classes with regular teachers. Being in 
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Tools children (blue) performed better on measures of EF than dBL 
children (red) did. (A) The dependent measure is percentage of correct 
‘responses. Dots-Incongruent, Flanker, and Reverse Flanker tasks are 
described in the text. (B) The dependent measure is percentage of children 
‘passing the pretest fr this task. Statistics are reported in the SOM (2). 


play to help improve EFs. Yet preschools are 
‘under pressure to limit play. 

If, throughout the school day. EFs are 
supported and progressively challenged, 
benefits generalize and transfer to new 
activities. Daily EF “exercise” appears to 
enhance EF development much as physical 
exercise builds bodies (2). 

The more EF-demanding the task, the 
more highly it correlated with academic 
‘measures. Superior academic performance 
has been found for Tools children in other 
schools and states, with other teachers and 
comparison curricula (24, 25). EFs [espe- 
cially self-discipline (inhibition)] predict and 
account for unique variance in academic out- 
comes independent of and more robustly than 
does 1Q (2, 3.26). 

Tools successfully moves children with 
poor EFs to a more optimal state. It is not 
known how much it would help children who 
begin with better EFs. 

‘No study is perfect, and ours is no excep- 
tion. Before and after measures of EFs, as well 
as academic measures in dBL children, would 
have strengthened it. Strengths include ran- 
dom assignment and use of objective meas- 
ures. Noauthors or testers had a stake in either 


curriculum. Many competing explanations 
hhane been ruled out (2). 

‘Most interventions for at-risk children tar- 
get consequences of poor EFs rather than 
secking prevention, as does Tools. We hypoth- 
esize that improving EFs early may have 
increasing benefits over time and may redu 
needs for costly special education, societal 
costs from unregulated antisocial behavior, 
and the number of diagnoses of EF disorders 
[eg. ADHD and conduct disorder (2)} 
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GEOCHEMISTRY 


The Leaking Mantle 


anth’s mantle (the massive silicate shell 
E located between the crust and core) isan 

important reservoir for volatiles such as 
‘water, carbon dioxide, and the noble gases. It 
combines volatiles captured during Earth’ for- 
‘mation with those added later by nuclear 
reactions or by recycling from the surface. 
Consequently, mantle-derived volatiles provide 
key meansto learn about Earth’s early history 
and its continuing evolution (/). Although 
Earth’s crustal carapace limits access to the 
mantle, sampling its volatiles has been pretty 
straightforward: Researchers target regions 
‘where mantle-derived melts (magmas) invade 
the crust, such as mid-ocean ridges, voleanic 
ares, and hot spots, But can volatiles escape the 


‘mantle without the help of magma? On page 
1433 of this issue, K 


Kennedy and van Soest (2) 
sinand Range province (which 
covers much of the southwestern continental 
United States) is leaking mantle volatiles over 
a wide area, despite little magmatic activity 
Moreover, they propose that the lower crust, 
usuullly considered a barrier to volatiles, shows 
anenhanced permeability caused by the Pacific 
and North American plates sliding past one 
another. These observations, and their pro- 
posed explanation, have far-reaching implica- 
tions forthe origins of earthquakes and finding 
new geothermal resourees. 

Researchers trace mantle volatiles by ana- 
Iyzing the isotopic composition of the lightest 
noble was, helium (3). Both isotopes. He and 
“He, are produced in the crust at a ratio of 
2 R, (where Ris the *He“He ratio in 
air). Higher values indicate the presence of 
helium from a reservoir enriched in He. The 
only viable possibility is the mantle, which 
stores *He captured during planetary accre- 
tion, Hence, He/He values between 0.1 and 
3 Ry throughout the Basin and Range signi 
‘mantle-derived volatiles. What is so unusua 
about this finding is the lack of magmatic 
activity in the Basin and Range, except atthe 
‘westernmost transition to the Cascades m: 
‘matic are. How can mantle volatiles traverse 
the ductile lower crust and brittle upper crust 
without melts? 

Maps of the deformation dynamics of the 
‘western United States may provide the answer 
(4), Plate motion between the Pacific and 
North American plates drives east-west exten- 
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The flow of mantle fluids through Earth's 
crust reveals fundamental geophysical 
processes and may help pinpoint sources 
of geothermal energy. 


Crustal extension 


Without shear 
‘par unreR ST 


{uiosrenic LE 


Escape routes, Schematic cross section of continental crust, showing escape routes of mantle volatiles to the 
surlace. Zones of enhanced permeability in the ductile lower crust, formed as a result of shear stresses 
imposed on areas of crustal extension, may provide an additional connection tothe mantle to supplement 
that provided by volcanic and magma-driven hydrothermal activity, Helium isotope ratios are in boxes 


sion of the Basin and Range province across 
‘most of the Central Nevada Seismic Bel (east 
of242°E)atrates between 3 and4 mm year! 

Inthisregion, "He“He ratios define minimum 
(baseline) values of ~0.1 to 0.2 Ry. West of 
242°E, strain rates and corresponding flow 
velocities increase sharply (up to 1310 14mm 
year), their direction changes to the north- 
‘west, and baseline *He/He values also 
inerease to as high as 3 Ry. The increase in 
3He/He values must reflect increased flow of 
mantle-derived volatiles through the crust. 

Therefore. the pattern of increasing baseline 
3He“He values toward the west istracking the 
increase in permeability of the crust, includ- 
ing the ductile lower erust and its transition to 
the source of the high 3He/He values: the 
lithospheric mantle, 

Two ingredients are required to explain 
this enhanced permeability. First, fractures 
that can act as conduits for the mantle 
volatiles must be present. Kennedy and van 
best suggest that the shear force twisting 
the regional strain to the northwest generates 
Vertical faults that link the brittle upper crust 
with the ductile lower crust. nsion alone 
produces normal faults that are refracted to 
near-horizontal positions at the brittle-duc- 
tile transition (see the figure). Second, these 
pathways must remain open, at least for 
part of the time. to maintain a connection 
between the surface and the mantle source 


of the high He/He values, Therefore, fluid 
pressures within the conduits must be 
extremely high. Continuous connection from 
the surface to the mantle is not required 
Changes in fluid pressure may facilitate 
growth or sealing of fsictures so that the flow 
could be episodic rather than steady-state, 

The realization that helium isotopes can 
identify zones of enhanced crustal permeabil- 
ity may open new lines of inquiry. For exam- 
ple, Kennedy and van Soest point to 3He4He 
anomalies in the Basin and Range (areas 
where the 7He/He values are much greater 
than the baseline) as areas of enhanced eo- 
thermal potential. They argue that high helium 
isotope ratios mark localities such as 
Dixie Valley, Nevada (5), as possessing the 
enhanced crustal permeability and deep fluid 
production necessary for geothermal energy 
development. Mapping helium isotope ratios 
may thus be a valuable tool for finding new 
geothermal energy sourves. 

Another prospect concerns earthquakes. 
Nomolcanic tremor (quasicontinuous ground 
vibration) has been detected in southwest 
Japan (6) and beneath the San Andreas Fault 
(7). The former case reflects movement of 
aqueous fluids through the mantle (8); in the 
latter, such events may reveal the presence of 
fluids below the seismogenic zone (i.e., brittle 
upper crust where earthquakes occur) (7). The 
role of deep fluid movement in changing 
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stresses in the upper crust and triggering earth- 
quakes remainsunclear, yetthese two very dif- 
ferent tectonic regimes share a common fea- 
ture: 'HeAHe ratios much higher than 
expected for regions virtually devoid of mantle 


melting (8, 9). Looking more closely at 
the im isotope characteristics of such 
regions—spatially and_temporally—may 


provide evidence coupling the leaking mantle 


to one of our greatest natural hazards. 
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GENETICS 


Paradigm for Life 


‘James 0. McInerney and Davide Pisani 


that prokaryotes can swap their DNA 
through the processes of conjugation, 
transformation, and transduction (/). This 
acquisition of foreign genes is generally 
referred to as horizontal gene transfer (as 
‘opposed to vertical inheritance, in which an 
organism receives DNA from an ancestor). 
The consequence is that each 
prokaryotic chromosome is. 
4 mosaic of vertically in- 
herited and horizontally 
acquired 
page 1449 of thisissue, 
Sorek et al. (3) report 
the first large-scale 


I has been known for more than 60 years. 


Life ()(see the figure), Whereasa tree reflects 
evolution as a process in which new species 
arise, or branch, from specifieancestors,a web 
muy more accurately portray microbial evolu- 
tion based on the rise of variation (and new 
species) through the lateral transfer of genetic 
information between distantly related species. 
Using phylogenetic methods, it has been 
proposed under the complexity 
hypothesis that not all genes 
e equally affected by hori- 
zontal gene transfer (6), 
‘Two classes of genes 


have been identified. 


Lateral gene transfer may have spurred 
microbial evolution, producing a pattern of 
‘evolution that resembles a network, rather 
thana tree, 


have gonea considerable way in providing data 
to test this idea, The authors found that among 
246,045 genes from 79 different species of 
prokaryotes, there was no single gene 
along with all its prokaryotic homologs, resis 
ted transfer by way of a plasmid (thus, gene 
transfer by transduction) into E.coli, However, 
\whereasall gene families could be cloned into 
E. coli,some genes were not easily transferred, 
Members of informational gene families rep- 
resentat substantial faction of those resent to 
cloning, lending more weight to the complex- 
ity hypothesis (6), And even though 1402 
genes were impossible to transfer, favoring the 
existence of core genes, trans 
ferable orthologs of these genes 


empirical analysis of 
the transferability of 


Tree of Web? There is an ongoing debate 
about whether the genetic relationship of 
life on the planet should be depicted as a 


were found, thus opposing the 
core hypothesis. 


genes by analyzing 
the introduction of al- 
mostaquarterofiamilion 
genes from other eubac- 
and archaebacterial 
into the eubacterium: 
Escherichia coli. The findings pro- 
Vide insight into the likely evolutionary history 
of prokaryotes and indicate that interspee 
ene transfer is not restricted to special cate~ 
gories. sategories of 
genes tha 
The role of horizontal gene transfer in evo- 
lution has raised fierce debate about the rele- 
vance of the Tree of Life, a long-accepted rep- 
resentation of the interrelatedness of living 
things through evolutionary time. based pri- 
marily on the sequence of the genes that 
encode the small subunit of ribosomal RNA 
(4). The question is whether this depiction 
should be replaced with a network, or Web of 
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Tree or Web of Life. 


Informational genes 
those involved in DNA 
replication, transcription, 
and translation—are part of 

more complex protein-interaction 
networks andl are thus less likely to be involved 
in horizontal gene transfer. So-called opera- 
tional genes—those involved in day-to-day 
processes of cell maintenance, such as genes 
that control enenzy metabolism and the biosyn- 
thesis of nucleotides and amino acids—may be 
‘more prone to transfer (6). This has led to the 
notion that a core of nontransferred or rarely 
transferred genes might have kept track of the 
clonal history of prokaryotes. If this prediction 
were true, the Tree of Life hypothesis would 
hold, even in the presence of rampant horizontal 
‘gene transfer (5). 

Upto now, a major obstacke to understand- 
ing the role of horizontal gene transfer in evo- 
lution was the lack of lange-scale experimental 
evidence that might corroborate or reject the 
existence of a core set of genes. Sorek et a 


There are currently almost 

6000 necepted prokaryotic 
species, but the analysis by Sorek eral, could 
only deal with £ coli, because adequate data 
are currently available only for this spe 
is possible that if'a different host was used, a 
different set of untransferable genes might 
have been identified. 

Sorek ef al also report that genes from 
prokaryotic genomes enriched in the nucleo- 
tide bases guanine (G) and cytosine (C) are 
more transferable, consistent with the obser- 
vation that the synonymous usage pattern of | 
codons (iriplets of nucleotide bases. that 
encode amino acids) in recently acquil 
genes in E. coli different from t 
genes (2). The explanation might be that pro- 
moter regions (DNA sequences that 
the transcription of a gene) in the 
venome are GC-poor; hence, Gi 
moters might not work well and would result 
in noniranscription. It is thought that one of 
the most important ways to introduce foreign 
DNA into an organism is by stealth: repress- 
ing the expression of the introduced gene until 
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it is widely distributed in the host species and 
then allowing expression (7). The stealth 
model of successful horizontal gene transfer 
implies that it may be easier to introduce DNA 
from a distant relative with different 
nucleotide base composition and different 
promoter characteristies than from a closer 
relative, For example, Sorek eta, show that > 
proteobacterial genes are more difficult to 
transfer into E.coli, which is itself a y+pro- 
teobacterium. This is consistent with the 
‘observation that a well-supported tree seems. 
to exist only toward the tips of the Tree of Life 
(within bacterial phyla, there is a strong phylo- 
genetic signal associated with vertically 
inherited genes) (8, 9), 

‘The question now is whether experimen- 
tally foreed horizontal zene transfer is a fair 
‘comparison to that in nature. In the labora- 
tory, cloned genes carried on a plasmid 
remain in an £. coli cell under strong selec 
tion conditions for the plasmid (such as 
antibiotic resistance). In such conditions, 
only highly deleterious genes would be 


absent from the set of cloned genes. The non- 
transferred genes must therefore be a subset 
Of those that would never successfully propa- 
gate in E. coli in a natural setting. 

Many of the forced horizontally trans 
ferred genes would never remain in E. coli 
‘outside the laboratory because they would not 
‘be associated with the selection genes used in 
experimental analyses, such as those that con- 
fer antibiotic resistance. Evolutionary biolo- 
azist W. Ford Doolittle stated that if horizontal 
«gene transfer was not limited to special eate- 
gories of genes, then no system of classific 
tion could be considered natural (5). The 
results of Sorek er al. show that even if some 
barriers to horizontal zene transfer into E.coli 
exist (they seem to be associated with dosage- 
toxicity effects), they are rather low. Data on 
more than one host would answer whether the 
results are peculiar to E. coli. 

For now, we know the profile of gene 
resistance to lateral transfer in one organ- 
ism, but the existence of a prokaryotic Tre 
of Life remains an open question. Sorck etal 
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donot address the issue of horizontal transfer 
and genomic fusions in eukaryotes. However, 
recent analyses show that eukaryotes have a 
chimeric nature (9, 70). When eukaryotes are 
included in our considerations of evolution, 
the phylogeny of life seems better represented 
by a network than a tree, making any core 
genes-based argument in favor of the Tree of 
Life essentially irrelevant, 
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CHEMISTRY 


Surface-Conducting Diamond 


Christoph E. Nebel 


npage 1424 of this issue, Chakrapani 

O val. (1) prove experimentally that an 

insulator—diamond—can become a 

metal by charge transfer from the solid to the 

liquid (2). A similartype of charge transfer has 

Jong been known to occur in solid solid junc~ 

tions used in ultrafast transistors (3), The 

effect should find application, for example, in 
chemical and biological sensors. 

In solid solid junctions, electrons migrate 


from the semiconductor with the larger band 
zap (a band of can 
not be occupied by electrons) into the semi- 


conductor with the lower band gap. thereby 
losing energy and becoming trapped because 
they cannot climb back over the interfacial 
barrier. This motion separates the negatively 
charged electrons from their positively 
charged donors and is one of the reasons for 
the ultrahigh mobility of electrons in this two- 
dimensional system. 

CChakrapani ef al, now prove that a similar 
phenomenon takes place at the solid/liquid 
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imerface, based on the migration of carriers 
from the solid (diamond) into the liquid (elec 
trolyte). The authors show unambiguously 
that electrons from diamond transfer into 
redox electronic states of the electrolyte. This 
transfer generates a highly conductive surface 
layer in diamond. which originates from miss- 
ing electrons (termed “holes”). 

In 1989, Landstrass and Ravi showed that 
diamond can be reversibly transformed from 
insulating to metallic (3). The work attracted 
much attention and controversy. Two groups 
developed electrochemical models to explain 
the observations (4, 5) but both teams focused 
‘on water layers adsorbed in the diamond sur- 
face. These layers are ill-defined and their 
electrochemical propertiesare thus difficultto 
pin down. Therefore. the electrochemical 
basis for the observed effect has not been 
understood until the present work. 
ation (or tunneling) of electrons 
from diamond into the electrolyte requires that 
‘empty electronic states exist in the liquid and 
that they can be reached without having to 
‘cross a substantial energy barrier. In semicon- 
ductors, the valence band is filled with elec- 
tronsand therefore can be considered the main 
‘electron source in this process. However, most 


Experiments reveal the mechanism by which 
diamond surfaces can become conducting, 


semiconductors have a valence-band maxi- 
‘mum lower in energy than comespondingelec- 
trochemical levels(5). To reverse this scenario, 
a strong electronic surface-dipole layer is 
required. In the case of diamond, the properties 
of this dipole layer—and hence the electron 
affinity of the diamond surface—can be tuned 
by using hydrogen and oxygen atoms to termi- 
nate carbon bonds at the surface (6). 

‘With changing termination from oxygen to 
hydrogen, the valence-band maximum shifts 
‘continuously to higher energies (see the fig 
ure), This continuous variation of the surface 
‘energy can be used to tune the enengetic levels 
of diamond with respect to redox molecular 
levels atthe solid liquid interface, tis compa- 
rable to the band-gap engineering at the 
solid/solid interface of semiconductors and 
Vill be important for the optimization of bio- 
electronic devices: diamond is a highly prom- 
ising material for such devices, because it pro- 
vides strong bonding to biomolecules like 
DNA and proteins ( 7). 

The surface conductivity properties gener 
ated by this “transfer doping” are interesting, 
because the holes in diamond are confined to 
a fairly deep yet very narrow energy well (8, 
), Theoretically, holes can propagate in this 
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‘well with ultrahigh mobilities, but measured 
mobilities are orders of magnitude lower than 
predicted (/0). The low mobility isa result of 
the strong, highly efficient seattering in elee= 


Vacuum tevet 


Transfer doping. The energy of valence- 
band electrons can be increased with 
respect to the electrolyte by changing 
the sudlace coverage [rom oxygen to 
hydrogen. As shown experimentally by 
Chakrapani et ol, valence-band elections 
transfer into the electrolyte if their energy 
{s above that of electronic states of the 
electrolyte that can be occupied (Fermi 
energy, dashed red line). This transfer 
‘ives nse to surtace conductivity. 


tronic fields that arises from ions in 
the liquid. 

The surface conductivity increases 
‘or decreases depending on the detailed 
properties of the liquid. Thiseffect can 
thus be used to measure properties of 
liquids in contact with diamond, for 
‘example, using in-plane gate transistor 
structures in which a hydrogen-termi- 
nated diamond surface is the gate of 
the sensor (/7). Such devices ean 
detect variations of pH close to the 
Nernst limit (39 mV/pH) and show 
[promise as fast and sensitive chemical 
and biological sensors (/2). 

Diamond biosensors—based on 
transfer doping and related effects—are cur- 
rently developed by an increasing number of 
research teams for cancer screening. human 
DNA decoding, and use as ultrasensitive 


enzyme/protein detectors. The future of such 
applications will strongly depend on the 
chemical stability especially of hydrogen-ter- 
minated diamond in aqueous environments, 
where solids like silicon and gold degrade rap- 
idly. However, C-H bonds are chemically 
more stable than, for example, Si-H bonds, 
and experiments on DNA-funetionalized sur- 
faces of diamond, silicon, and gold have 
shown that carbon is more stable than all other 
transducers (13), 
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CHEMISTRY 


Metal-Based Therapeutics 


Trevor W. Hambley 


‘tals and metal complexes have 
Mee key rolesin the development 
of pharmacy and modern chemo- 
therapy (/-3). For example, platinum drugs 
appear in more chemotherapy regimes than 
any other class of anticancer agent and have 
contributed substantially to the successes in 
treating cancer achieved over the past three 
decades. The importance of this area and the 
potential for metals to contribute more widely 
to the treatment of disease is recognized by 
the National Institutes of Health Metals in 
Medicine program (4). However, metal-based. 
therapeutics remain a tiny minority of all 
drugs in the market today. 
Several meetings over the past few years — 
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including a recent meeting in Durham (5) 
have addressed the reasons for the limited 
development of metal-based therapeutics. A 
hot topic of debate has been the relative 
emphasis that should be placed on molecu- 
larly targeted metal-based drugs—designed to 
bind to and inhibit a single molecular target 
with high specificity—versus new cytotoxies 
and broad-spectrum agents. 

‘The expectation was that molecularly tar- 
geted drugs would have low toxicity and high 
efficacy, but the results to date have been dis- 
appointing: Even those compounds with the 
best activity—such as the COX-2 class of 
anti-inflammatories (6), matrix metallopro- 
ase inhibitors (7), and the highly success- 
ful Glivec used to treat chronic myeloid 
leukemia (8) —have unexpected side effects. 
Furthermore, many molecularly targeted 
drugs, suchas those designed to inhibit angio- 


Metals and metal complexes can make multiple 
‘contributions to drug development, but are not 
receiving the attention they merit. 


genesis, have measurable benefit only when 
combined with a cytotoxic or less targeted 
agent. The number of new substances ap- 
proved as drugs in 2006 was less than half that 
of a decade ago, and the number of new chem- 
ical entities approved has dropped even more 
dramatically (9), perhaps in part because of 
the focus on molecular targeting. 

‘Molecular targeting is generally achieved 
by structure-based design of molecules that 
bind tightly and selectively to the prot 4 
Todate, these molecules have been constructed 
from organic fragments. Meggers and col- 
Jeagues have shown that metal complexes 
serve as scaffolds for developing drug mole- 
cules that are at least as active and seles 
existing drugs at inhibiting protein kinas 
(70), Metal complexes are relatively easy to 
prepare, and the additional geomeiric possibili- 
ties resulting from the use of six-coordinate 
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metal centers (compared to four-coondinate 
carbon) make thisanattractive approach for the 
rapid development of new species. either as 
drugs or as probes of the geometric require 
ments of the active sites. Furthermore, some 
metals and metal complexes within existing 
drugs have previously unidentified molecular 
targets (such as the inhibition of thioredoxin by 
¢gold-containing species (/1)f: this molecular 
targeting could be optimized based on detailed 
knowledge of the drugiarget interaction, 

Metals can play an important rote in modi 
{ying the pharmacological properties of known 
drugs, most of which can be coordinated to a 
metal, The resulting “prodrugs” have different 
physical and pharmacological properties, 
allowing the drug to be released in a controlled 
fashion oF location. This approach may lead to 
the “rescue” of drugs that have failed because 
of poor pharmacology or high toxicity, an 
approach that has received surprisingly little 
attention, For example, complexation of non- 
steroidal anti-inflammatory drugs to copper 
‘overcomes some of the gastric side effects of 
these drugs (12), Release of eytotoxins such as 
nitrogen mustards from redox-active metals 
such as cobalt ieved mainly in the 
hypoxic regions of solid tumors—has the 
potential to improve drug activity and reduce 
toxicity (see the figure) (/3), 


er therapeutics 
are not molecularly targeted but belong to the 
class of “shotgun” eytotoxies, typified by the 
platinum drug cisplatin, Because of the focus 
‘on molecularly tangeted agents, less work has 
been done on the development of new eyto- 
toxics. Yet, some key developments in cancer 
‘chemotherapy in recent years have been the 
‘emergence of oxaliplatin (elosatin) for treat- 
ing colon cancer and of arsenic trioxide for 
treating acute myeloid leukemia The success 
‘of oxaliplatin has encouraged a rethink. Two 
compounds that had been under clinical 
investigation but were then sidelined (satra- 
platin and picoplatin) are now in clinical ti- 
als; satraplatin is in the late stages of consid 
ration for approval by the U.S, Food and 
Drug Administration. 

Efforts to develop additional platinum- 
based cytotoxies are focusing on three areas: 
largely unmet need for agents that are 
in tumors with mutant p53 (14), the use 
‘of carrier groups to deliver platinum to tumors 
(U5, 16), and the exploitation of unique 
aspects of the tumor physiology to increase 
selectivity (17), In all these areas, platinum- 
based drugs can provide insights that are not 
readily achievable with organic molecules, by 
virtue of the unique spectroscopic techniques 
that can be used to determine the location and 
chemical state of metal ions. Thus, even metal 
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‘Metals make the difference. Cobalt-based druas—such as 
the complex of the MMP inhibitor Maramastat (lef)—can 


Nonenzymatic 
‘eduction 


col) 
‘complexes that donot lead tonew therapeutics 
can contribute substantially to the develop- 
ment of the next generation of anticancer 
drugs, whether they be eytotaxics or moleeu- 
larly targeted agents. 

The history of drug development is domi- 
nated by organic and biologically derived 
molecules: knowledge and expertise in the 
pharmaceutical industry lie almost entirely in 
these areas, Successful metal-hased therapeu 
tics have nearly all originated from university 
research and or small companies. Unless anger 
pharmaceutical companies develop expertise 
in these areas, many opportunities for drug 
development will continue to be lo 
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PHYSICS 


Precision Without Entanglement 


Jeremy L O'Brien 


Acecent experiment shows that exotic quantum processes are not necessary to reach the ultimate 


limits of measurement. 


sciences foundedon measurement, 

and improvements in precision have 

Jed not just to more detailed know!- 
‘edge but also to new fundamental understand- 
ing. The quest to realize ever more precise 
measurements leads one to ask whether the 
laws of physics impose fundamental limits. 
Thisis indeed the ease, and it tums out that to 
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reach these firm limits requires the use of 
‘quantum mechanical systems (/). 

‘Optical phase measurements are used in 
all fields of science to routinely measure dis- 
tances smaller than the wavelength of light. 
The ultimate precision is dictated by the 
Heisenberg uncertainty principle, which 
places fundamental limits on measurement, 
Previously it was thought that quantum entan- 
glement—the exotic cooperative behavior of 
‘many quantum systems—is essential in going 
right to this limit. The problem is that harm 
ing entanglement in the lab is a real challenge, 
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and consequently the Heisenberg limit has 
been out of reach. Contrary to expectation, 
Higgins er al. (2) have now experimentally 
shown that the Heisenberg limit can be 
reached even in the absence of entanglement, 
and their result paves the way for new kinds of 
ultrahigh precision measurements. 

‘The basis of optical phase measurements is 
an interferometer (see the figure). A laser beam 
is split in two at a beamsplitter (or semitrans- 
‘parent mirror) and then recombined at a second 
beamsplitter. The wave nature of light means 
that the two beams interfere at the second 
beamsplitter: If the path lengths ¢ and d are 
exactly equal (i.e, phase difference o 

constructively and all of the lig 
comes out at f if the path lengths are different 
by half wavelength (0 = 7), they interfere 
destructively and all of the light 
‘comes outa e: and ifthe path Lengths 
differ by less than half'a wavelength, 


some ofthe light comes out at e and 2 


someat f By measuring the intensity 
of light at output f this path-kength 
difference, or phase shift 0, can be 
‘measured —as 0 is varied, [changes 
sinusoidally with period 2 (see the 
graph in the figure). 

The precision with which we 
can determine o depends on the 
slope of J, By inereasing /. we ean 
increase this slope and so increase the preci- 
sion without limit, However, in reality the 
laser intensity is limited and the object 
causing the phase shift may be damaged or 
‘modified by intense light passing through 
it. The essential question is: With given 
resources (ie,, energy, as quantified by the 
‘number of photons), what is the maximum 
sensitivity with which we ean determine 0? 
If we use a laser pulse with an average of N 
photons, then the precision Ao is propor- 
tional to /WN, which is known as the shot 
noise or standard quantum limit (SQL) and 
is due to quantization of the electromag- 
netic field and statistical fluctuations in the 
(classical) light beam, The overarching goal 
‘of quantum metrology is to reach the more 
fundamental Heisenberg limit where Ao is 
proportional to 1/N, which would allow 
‘much more precise measurements. 
is where entanglement comes in. 
ting the interferometer one photon at a 
time for N repetitions enables us to measure 
the phase, but statistical fluctuations limit 
the precision to the SQL. However, if we 
prepare the V photons in an entangled state, 
‘we can reduce the period by a factor of N, 
making the slope of the intensity curve 
greater, and thereby reach the Heisenberg 
limit. In essence, entanglement makes the 


Beamspliter 


oscillations in the curve shown in the figure 
much closer together, enabling a much more 
precise measurement. 

Observations of this reduction in period 
has been reported for three (3) and four (4) 
photons. However, it tums out that a reduced 
period alone, which can be achieved without 
quantum mechanics (3), does not guarantee 
you've reached the Heisenberg limit, Re- 
cently, my colleagues and I reported a phase 
‘measurement beating the standard quantum 
limit for four entangled photons (6), and simi- 
lar results were previously achieved with 
trapped ions (7, 8), However, entangling hun- 
dreds of photons or ions to gain a substantial 
advantage is an incredibly daunting task, and 
this obstacle has now been circumvented by 
Higgins et al. 


Reaching the limit. (Top) Conventional interfer- 
‘ometer and (middle) the intensity curve produced 
by introducing a phase shift o into one arm of the 
interferometer. (Bottom) Higgins et al. (2) passed a 
single photon multiple times through the phase 
shifter rather than using a single pass of multiple 
entangled photons. 


Beamspitier 


Higgins eral. usea scheme in which single 
unentangled photons go through the interte 
‘ometer one at a time but pass through the 
phase shift either 1,2, 4,8, 16, or 32 times, as 
shown in the figure. Applying the phase shift 
multiple times on a single photon, rather than 
putting multiple entangled photons through a 
single phase shift, allows them to reach the 
Heisenberg limit. 

This improved sensitivity is based on an 
idea from quantum computing. Kitaev devel- 
‘oped a quantum computing circuit that outputs 
the binary digits forthe estimate ofa phase one 
by one (9), With this algorithm, phase estima- 
tion can be done using a single photon ata 
time for sequentially estimating each bit of 
the phase, In the optical implem tion of 
Higgins eta. these single photons are repeat- 
edly passed through the phase ele- 
‘ment, with the number of passes 
determined by which bit of the 
phases being estimated. Through 
clever “adaptive” strategy that ge 
cralizes Kitaey’s algorithm to use 
more than one photon for each 
bit, they were able to achieve a 
Heisenberg limited estimate of an 
‘optical phase. 

Gaining a quantum advantage 
through multipass protocols was 
first proposed for aligning eoordi- 
nate systems (/0), clock synchronization (/1), 
and phase estimation (/2). Higgins t a, have 
now described the first practical scheme capa- 
ble of reaching the Heisenberg limit and 
demonstrated it experimentally. This opens 
the way to important applications that could 
include gravity-wave detection, measure- 
ments of material properties, and medi 
biological sensing. 
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B-Defensin Repertoire Expands 


Juli 


R. Dorin and fan J. Jackson 


-Defensins are antimicrobial 
peptides of key interest be- 
‘cause they operate in both 
innate and adaptive immune 

responses in mammals (/), Now. 

these peptides have become more 
intriguing, On page 1418 of this 
issue, Candille et al, (2) identify & 
role fora defensin in pigmenta- 
tion, The peptide, CBD103, binds 

tomelanocortin | receptor, one of a 

protein family that controls pig- 

‘mentation, inflammation, and feed- 

ing behavior, This expands the 

functional repertoire of Bedefensins 
ind opens new avenues of research 

\with potential implications forhuman 

disease (see the figure). 

How does a gene implicated 
in mammalian immune responses 
alter pigmentation? A mutation at 
the K" locus was identified as the 
cause of dominant inheritance of a 
back coat in dogs(3). Candille eral. identify the 
xtene at this locus as CBD103. the dog ortholog 
of human DEFBI03, which encodes the f- 
defensin HBD3, The K® mutation results in loss 
of the predicted first amino acid of mature 
CBD103, Mutant CBD103 is more efficiently 
secreted from cellsand has ahigher affinity than 
the wild-type peptide forthe dog melanocortin | 
receptor, Which controls production of eume- 
Janin, the black brown bair pigment. 

CBD103 also competes with agouti signal- 
ing protein for binding to this receptor. Agouti 
signaling protein antagonizes the melanocortin 
1 receptor, resulting in the production of pheo- 
‘melanin, a red/yellow pigment. Wild-type and 
mutant CBD103 suppressed agouti signaling 
protein in transgenic mice, resulting in black 
hair rather than agouti (hair with a yellow 
stripe), A reasonable conclusion is that in- 
creased abundance and stronger affinity forthe 
melanocortin I receptor allows mutant 
-defensin to competitively inhibit agouti sig- 
naling protein in melanocytes, enabling the 
production of eumelanin and black hair. 

There is a conundrum, as the Be<k 
also competes with e-melanocyte-stimulat 
hormone (a melanocortin) to bind melano- 


sin 
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“Melanocortin receptor 
‘=Chemokine receptor 
‘Other receptor? 


Beyond defense. f-Delensins bind to melanocortn receptors, extending the influence 
they may have on biological processes. 


cortin | receptor, yet it does not itself elicit 
adenosine 3°, 3"-monophosphate signaling 
that characterizes this receptor's activation. 
So how does this receptor elicit black pigment 
production in response to CBD103? Perhaps 
the dog receptor has ligand-independlent sig- 
naling. as seen in the mouse (but not human), 
in which lack of a-melanocyte-stimulating 
hormone has litle effect on pigmentation (4). 

°BD103 may activate different 
effectors through the melanocortin 1 receptor. 

Two human B-lefensins, HBDI and 
HBD3. bind to the melanocortin | receptor, 
but there is little sequence similarity between 
them (though tertiary structure is conserved) 
(J). There are some structural similarities 
between agouti signaling protein and B- 
defensins—both are cationic, with antiparal- 
lel B sheets stabilized by cysteine brid; 
These properties may be important for recep- 
tor interaction, 

Although HBD3 is highly expressed and 
present in inflamed psoriatic skin (5). pa- 
tients do not show hyperpigmentation to 
in-dicate metanocortin I receptor activation. 
HBBDS attracts certain immune cells (includ- 
ing monocytes, macrophages, and mast cells) 
through an as yet unidentified receptor, and 
immature dendritic cells and memory T cells 
through chemokine receptor 6 (/). HBD3 
expression increases in response to proinflam- 


PERSPECTIVES i 


How does a peptide involved in fighting 
microbial infections also control hair color 
in mammals? 


matory agents, and it also 
induces production of pro- 
inflammatory cytokines (/). 
Some melanocortins sup- 
press inflammation (6). 
B-defensins may act at mel- 
anocortin receptors to mod 
ulate inflammation, 

Candille et al. also ob- 
served that transgenic mice 
overexpressing the dog B- 
defensin have lower body 
weight. It's possible that 
CBD103 activates the mel- 
anocortin 4 receptor, sup- 
pressing feeding behavior, 
Alternatively, reduced body 
size might reflect peptide 
toxicity due to overexpres- 
sion, Determining immune 
dysfunction in these trans- 
genic mice should tease out 
the answer. 

Docs the mutated Prdefensin alter host 
defense? Transgenic mice that overexpress 
‘human oc-dlefensin show increased resistance 10 
pathogens (7). But the amino-terminal residues 
of Brdefensin are important for antimicrobial 
action against Siaphvfococcus aureus, & com 
‘mon skin pathogen, so mutant CBD103 could 
have lost function. In mice, loss of B-defensin | 
reduces clearing of 8. aureus and Haemophilus 
influenzae (8, 9). The immune phenotype of 
dogs carrying the mutation warrants investiga- 
tion. Variation in copy-number and expression 
of human defensins is seen in normal popula- 
tions and in patients with Crohn's disease, an 
inflammatory disorder of the intestinal tract 
(/0). Interaction of B-defensins with pleio- 
tropic melanocortin receptors may cauise subtle 
phenotypic changes with direct relevance to 
hhuman disease. 
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SCIENCE AND ENVIRONMENT 


Abelson Seminar: Searching for 


Climate Change's “Tipping Points 


Earth’s poles are no longer the tera incognita of 
ancient maps, thanks to unprecedented serutiny 
by those tracking the effects of global climate 
change in these vulnerable areas. But scientists 
face unknowns about when and! how polar 
warming will have an irrevocable effect on 
the rest of the planet, 
sstid speakers at the 
‘annual Philip Hauge 
Abelson Advane 
Science Seminar. 

The researchers 
suithered at AAAS on 
30 October offered 
several glimpses of 
the rapidly changing 
polar regions at 
which ice sheets 
crumble; animals hike 
the Antarctic Adslie 
penguin dwindle in 
umber and the exotic tusked narwhal change 
their migration patterns; and native eommuni- 


declined sharply. 


ties relinquish their hold on centuries-old cul- 


fe abundant sighs that this “sweet 
spot” may be coming to an end, brought on 
largely by human causes, 
Robert W. Corell, director of the Global 
(Change Program for the H. John Heinz Center 
for Science, Economies and the Environment. 
Corel said the troublesome signs —from 
bark beethes that turn Alaska forests into tinder 
and shrinking support for ice sheets—are 
already visible across the polar regions. Once 
these events oceur, “a return to the past looks 
Vistually impossible, at least on the time scales 
\we kriow,” he cautioned. 
‘The*New Horizons in Polar Science” semi- 
nar was planned in recognition of the Interna 
tional Polar Year and in honor of Philip Abelson, 
who served as editor of the journal Seience for 
22 years, and then as senior advisor to AAAS. 
ly death at the age of 91 
vera of the speakers mentioned personal 
i$ to Abelson, including James G. 
on, a Harvard University professor of 
atmospheric chemistry whose father taught 
Abelson. Anderson's presentation included 


The population of Adétie penguins in Antarctica has 


several maps of a drowned Harvand Squs 
likelihood dependent on different models 
Greenland ice sheet melting 

Several other speakers presented studies on 
the human dimension of climate change as one 
focus of International Polar Year research. 
Shrinking Arctic sea 
ice isopening up new 
possibilities for off 
shore fishing, ship- 
ping lanes, and oif 
and gas develop- 
‘ment at the same 
that key traditional 
resources such as 
caribou herds are dis- 
the scien= 


nothing is known 
about “the critical 
thresholds of adapt- 
ability and resilience” the human tipping 
pointsfor Arctic people in a post-warming 
world, according to research by Norwegian 
anthropologist Grete K. Hovelsrud of the 
Center for Intemational Climate and Environ 
mental Research, 

As climate studies continue at an ur 
pace, the poles have become a laboratory for 
some unusual experiments probing the unseen 
in space and on Earth, For instance, the 
South Pole is one of the best places on the 
planet to collect data on the infant uni- 
verse, acconding to John R. Carlstrom. 
professor of astronomy and astrophysics 
atthe University of Chicago. 

“If you want a better site, you better 
launch your experimental satelite.” Carl- 
strom said. The dry. cold, and clear 
atmosphere at his Antarctic telescope sta- 
tion offers a relatively unimpeded look at 
the cosmic microwave background radia- 
tion, the fingerprint of the Big Bang, as 
well as signs of dark matter and dark 
energy, he explained 

‘Nearby on the continent, an interna- 
tional team of neutrino researchers is hand 
at work on leeCube. a: massiv 
thousands of detectors dangled two kilometers 
deep within the ultrapure ice sheet. In the next 
10 years, the scientists hope to capture a million 


“crystal ball” of 


‘of the elusive subatomic particles as they bom 
bard Earth at energies higher than those pro- 
duced in the laboratory, explained s 
Halzen. a professor of physics at the University 
of Wisconsin 

In his 1911 expedition journal, British 
explorer Robert Falcon Scott called the Antare~ 
tic’s Lake Bonney region “the Valley of the 
Dead.” But modern explorers like John C. 
Priscu, a professor of ecology at Montana State 
Univeris stead “an casi of fife in a polar 
desert” below the ice sheet, Priscu said that by 
using DNA sequencing, he and others have iden- 
tified a diverse microbial community that may 
contain “museums of ancient DNA" andl a new 
set of clues to how life evolved on Earth, 

AAAS Chief Executive Officer Alan | 
Leshner said the seminar's founder would have 
been pleased by the cutting-edge polar research. 
Abelson “had almost no interest in the pa 
said Leshner, executive publisher of Science. 
“He was a man who was only interested in 
where science was going,” 


—Becky Ham 


INTERNATIONAL 


AAAS, Rwandan Leaders 
Discuss S&T Development 


With Rwanda working to address chronic 
poverty and the legacy of its 1994 genocide, 
AAAS President David Baltimore met with 
Rwandan President Paul Kagame to discuss 
how science-related development and education 
‘cou! contribute to peace and prosperity, 


Romain Murenzi, Minister of Science, Technology and Sci- 
entific Research; AAAS President David Baltimore; Rwandan 
President Paul Kagame; and Tom Wang, AAAS director for 
International Cooperation. 


Lacking natural resources such as oil or 
‘minerals, the African nation has an ambitious 
development plan that aims instead to build a 
knowledge-based economy. Kagame has, 


CREDITOR AME RAMOSISF 
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pledged to double research spending from 
the current 1.6% of 


3¥% over the new 

Baltimore visited Rwanda from 1010 
October, joined by Tom Wang, AAAS director 
for International Cooperation, to better under- 
stand its S&T capacity and needs. Hosted by 
Romain Murenzi, Rwanda's minister for Science 
Research, they visited 


Rywandan leaders see related devel- 
‘opment “as an engine of economic progress 
and understand that this involves both a widen 
ing of scientific literacy and an indi 
research capability.” Baltimore sa 
visit 
ship between Rwanda 
‘our organization to act as an intermediary 
between African countries and the skills ava 
able within our membership.” 
During an hour-long meet 
detailed Rwanda’s S&T development 
cation priorities, noting that building institu- 
tions is critical for building capacity, He also 


Kagame 
ind ede 


discussed energy issues and the importance of 
partnerships that address development priori- 
ties of Rwanda, 

Baltimore described AAAS and its interest 


ion of the science enterpris 
He expressed support for Rwanda’s efforts and 
suggested that it also has an opportunity to 
become a cutting-edge center for primate stud- 
ies, In addition, he discussed the importance of 
education in preventing HIV transmission. 
Baltimore, a molecular biologist and 1975 


Nobe! laureate, is president emeritus and 
Robert Andrews Millikan Professor of Biology 
athe California Institute of Technology 


After the meting. Mut 
«dan leaders “look forward tothe ongoin 
and collaboration with AAAS" His Excellency 
Paul Kagame and his government “have 
mitted themselves to meeting the challenges of 
buikling an economy based on science, technol- 
‘ogy, and innovation and making Rwanda a sub- 
Saharan technology hub.” he added, “In the 
words of His Excellency: “We will continue to 
invest in our people, and we will strive to open up 
the frontiers of science, technology and research 
as we broaden our trade inks with our neighbor 
ing countries and beyond” 

Baltimore and Wang met with other senior 
officials, including Health Minister Jean Dam- 
ascene Ntawukuliryayo; Minister of State in 
charge of HIV/AIDS Innocent Nyaruhirira: 
i Institute of Science and Technology 
Rector Chrysologue Karangwa; and Ki 
Health Institute Rector Desire Ndushabandi, as 
1 
Arieti. The trip received extensive coverage in 
Rwandan news media 

Most residents ofthe small, landlocked nation 
are subsiste nd gross per capita 


incomeis less than SI aday. Rwanda continuesto 
deal with the aftermath of civil war that culmi- 
nated in genocide in 1994, leaving some 800,000 
people dead, mainly ethnic Tutsis as well as poli 


uch positive 
momentum: Between 1995 and 2005, 
annual economic eraged 
fa, the World Bank says. Both the 
World Bank and the UK. Department 
for International Development are 
assisting Rwanda’s effort to build 
S&T and education capacity 

“When people hear the word 
“Rwanda,” the first thing they think is 
*genocide,”” Baltimore said. “What 
they don’t realize is that the country is 
‘on. trajectory to go beyond that...Itis 
very impressive how 13 years later, the 
Jeaders have calmed down the passions 
andarethinking and working very hard 
forthe future of their country.” 


COMMUNICATION 


Science Receives Prince 
of Asturias Award 


The journal Science received the 
Asturias Awand in Comm 
ities on 26 October, afier 
the journal and the rest of this year's prize wine 
ners in Oviedo, Spain. Science shares this y 
I Nature for theie pivot 
arch Wo 


Ata grand ceremony held at the Teatro 
‘ampoamor de Oviedo and a 
Majesty Queen Sofia, Science I 
Editor Andrew Sugi 

Editor Colin Norman accepted th 
His Royal Highness Prince Felipe de Borbyin, 
honorary president of the Foundation and heir 
tothe throne of Spain 

The Foundation, formed in 1980, honors 
scientific, tec Itural, social, and 
humanitarian work carried out intemationally 
by individuals, groups, or organizations, across 

categories. 
This year's winners include American musi- 
cian Bob Dylan, Isracli novelist Amos Oz, and 
former U.S. Vice President and recent Nobel 
Peace Prize recipient Al Gore, among others 

“The Prince of Asturias Foundation awards 
are unusual in honoring such a broad diversity 
of endeavors, and that's part of what makes them 
special,” Norman said 

twas a huge honor to be on the same sta 

asall the other prize winners,” said Sugden, who 
recalled moving speeches from several of the 
winners and remarks by the Prince at the cere 
mony “that wove together the various awards in 
common and optimistic thread.” 


‘Andrew Sugden and Prince Felipe de Borbén, 


Atleast one connection was recognized by 
Gore himself, this year’s winner of the Interna 
tional Cooperation Award. In his acceptance 
speech, heacknowledgeda “special debt” owed 
to Science and Nature for publishing much of 
the research behind his famed slide show on the 
4s of global climate change. 


Sugden and Norman attended two formal 
press conferences and other events associated 
with the awards in Oviedo, including a discus 
sion of the challenges of scientific publishin 
the University of Oviedo lib 

*The university itself is celebrating its 400th 
anniversary this year, and it was a real treat to 
discuss modem s¢ mmunications in 

such a historical setting” Norman said. 
As part of the award, Science reecived a 
bronze seulpture—designed by Spanish artist 
Miré before his death in 1983—and 
25,000 curos in prize money, whieh Science 
willuse to make the journal more accessible to 
non-English speakers, including Spanish 
speakers, For more information about this 
year’s prize, including jement from 
Science Exccutive Editor M adford, see 

‘www: flundacionprincipedeasturias.org 
Becky Ham 


ideo st 


2008 ELECTION 
A Call for Nominations 


AAAS members may suggest nominees 
(including themselves) for president-elect 
‘and the Board of Directors for election in the 
fall of 2008. For a list ofthis year’s candi- 
dates, see AAAS News and Notes in the 
31 Avaust 2007 isue of Science; for alist of 
‘current Board members, see the masthead 
page of any recent issue of Science, 

Please send the suggested nominee's 
‘curriculum vitae no later than 30 December 
to Gretchen Seiler, AAAS Executive Office, 
1200 New York Avenue, N.W., Washington, 
DC, 20005. Suggested nominees will be 
considered by the AAS Committee on Nom- 
‘nations at their winter meeting. 
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INTRODUCTION , - 


Journey to the Center 
of the Cell 


THE ANIMAL CELL NUCLEUS HOUSES THE GENETIC MATERIAL OF THE ORGANISM 
and therefore protects and maintains the blueprint for the cell and all its progeny. 
However, the nucleusismore thana simple repository for chromosomes. A dynamic 
organelle, the nucleus goes through astonishing transformations during each cell 
cycle, breaking down completely during mitosis and reforming afresh in each 
ighter cell after cell division. Within the nucleus, chromosomes are replicated and 
their DNA is transcribed to provide information that programs the physiology of 
the cell, Also, ribosomes assemble in the nucleus, then leave and carry out protein 
translation in the cytoplasm. All of this activity requires complex machineries that 
can respond to the changing needs of the cell throughout the cell eyele and may va 

during development and by cell type. 

‘One of the defining features of the nucleus sits unique architecture. The nucleus 
is bounded by a nuclear envelope, a double layer of membranes punctuated by 
nuclear pores, which allow the passage ofa huge variety of molecules into and out 
ofthe nucleus. The nuclear envelope is contiguous with the endoplasmic reticulum, 
membranous labyrinth that provides the entry porta to the secretory pathway. The 
nuclear envelope is lined with a protein meshwork known as the nuclear lamina, 
\which is composed of lamin proteins related to cytoplasmic intermediate filament 
proteins. Defects in the nuclear lamina have been linked to progeric diseases. 

Inthisissue, three Reviews examine various aspects of nuclear organization and 
dynamics. Trinkle-Mulcahy and Lamond (p. 1402) describe how a combination of 
state-of-the-art proteomics and imaging technologies is contributing to a greater 
understanding of the dynamics of nuclear function in living cells in real time. 
Stewart er al. (p. 1408) describe how the nuclear envelope influences events 
‘within the mucleus and throughout the cell. Terry et al. (p. 1412) explain how the 
bidirectional transport of proteins and nucleic acids through nuclear pores can be 
regulated at many levels, from individual cargoes to global changes in nuclear 
pore transport characteristics. 

Ina News story, Travis (p. 1400) describes how a few researchers are making the 
case that proteins from the nucleus do double duty as components of a spindle matrix, 
controversial structure alleged to help move chromosomes during cell division. 

Two Perspectives at Science’s Signal Transduction Knowledge Environment 
(hitp:/www:sciencemag.ony/sciext/subnucleus!) ght mechanisms controlling 
nuclear transport. Alvarez-Gonzalez describes how poly(ADP-ribosyl)ation of 
p53 in response to DNA damage interferes with its nuclear export, and Swanson 
and Kopchick describe how the cytokine receptor GHR may traffic to the nucleus 
to regulate gene expression, 

In the future. it will be important to continue to advance our understanding of 
how the nucleus interacts with the rest of the cytoplasm throughout the cell cycle 
and how these interactions program organismal physiology and development. 

(— STELLA M. HURTLEY AND ELIZABETH PENNIS! 
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The Nucleus 


Return of the Matrix 


A few cell biologists are trying to convince skeptics that they have missed a 
molecular matrix that helps a dividing cell move its chromosomes around 


Isto 


Jno get money to study something th 
most biologists doubt exists, Kristen Johansen 
of lowa State University in Ames learned that 
firsthand in 1999 when the US, National Inst 


tutes of Health (NIH) in Bethesda, Maryland 


rejected her grant application to investigate a 
hypothetical cellular structure called the 
spindle matrix. As one reviewer bluntly put it 
recalls Johansen, * “If it existed. it would have 
already been discovered." 

The spindle itself is well-known to cell 
biologists. This array of peotein filaments sep- 
arates a dividing cell's two sets of chr 


somes during mitosis, ensuring that each 
daughter cell has the right DNA. In the 1960s, 
1a few scientists proposed that the spindle 
3 spindle 


required a molecular underlayer 
matrix"—in order to work. But the idea never 
took hold, as cell biologists concentrated 
instead on the spindle filaments that they could 
observe and manipulate. 

Fortunately for Kristen Johansen and 
Jorgen Johansen, her collaborator and hus- 


band, the grant reviewers at the National 


Science Foundation (NSF) were more open: 
minded than NIH’s about the spindle matrix. 
Since 2001, NSF has funded the pair as they 


try to breathe new if into this old idea. So far 


the Johansens have pinpointed four matrix 


protein candidates. They ar 


mutant fruit flies to verify that these proteins 


Ano} 
identified at least one more 


matrix contender through her studies of spin- 


des ina cell-free system. “I don't think anyone 
rejects [the spindle matrix] out of hand any 


more.” says Kristen Johansen, 


be pulling double shifts: 
roles in the nucleus of 
ble assessing just how 


researchers have had tr 


important these proteins are to the spindle dur 


ing cell division. And. says Jonathan Scholey of 


the University of California, Davis, until these 


Splitting up. in 2 di 
called kinetochores (g 


Good alignment. During cell division (artist 
ilustration), the spindle's microtubules (green) line 
up the chromosomes (blue) betore separating them. 


‘matrix” proteins are proven to have a role in 
cell division, he and many other cell biologists, 


I’scertainly an interest- 


will remain skeptical 


ing topic that merits further research and dis- 


cussion,” he says. “There has been progress, 


but the jury is sill out 


Unexplained forces 
The spindle’s filaments, known as micro: 
tubules, are made of the protein tubulin, After a 
cell has duplicated its DNA and begun break- 
ing down its nucleus in preparation for divid 


ing, free tubulins polymerize into these fila. 
ments, arranging into an oval network, The cell 


relies on the spindle to segregate the nwo sets of 


chromosomes before it can pinch in at the mid: 
dle to create two distinct cells, 

Since the 1920s, cell biologists have pro: 
duced stunning pictures of spindles. They 
really started to see spindles in action in the 
1970s, when they observed live cells in which 
the protein tubulin and DNA were lit up with 
fluorescent markers. Once the spindle forms, 
chromosomes line up perpendicular to the 
spindle’s main filaments, at the midpoint 
between the spindle’s two ends, oF poles. Sites 
on each chromosome called kinetochores 
attach to microtubules, which extend out to the 
poles, The chromosomes then start their march 
toward the spindle poles, 

The spindle images that grace journal cov- 


ersandl textbook pages are so attractive that few 


cell biologists felt a need to look for somethin 


more toexplain chromosome 
tends Vivian Zheng, a Howard Hi 
Institute investigator 


for Science in Baltimore, Maryland, 


hes Medical 
the Carnegie Institution 
‘Nothing 
as microtubules and kineto- 


is as good lookin 
chores.” she 


B 
Microtu 


iles can lengthen or contract through 


ach to DNA (blue) at chromosome structures 
the DNA apart so that each daughter cell has 


the addition or removal of tubulin subunits, At 
first, researchers thought such changes might 
move the DNA. Ifa microtubule anchored at 
spindle pole slowly shortened, it could reel in a 
chromosome. Alternatively, microtubul 
extending from the cell's middle could push a 
chromosome out toward the poke as they added 
more tubulin subunits 

There are also motor proteins such as 
dynein attached to spindles, suggesting another 
way to move chromosomes. These molecules 
utilize acell’s zy to change shape and inch 
along a substrate, They ean transport tethered 
‘cargo and may push or pull chromosomes—or 
microtubules bearing DNA—teward the oppo- 


Most mitosis researchers contend that 
microtubule growth and contraction, perhaps 
in combination with motor proteins, are all a 


dividing cell needs to get chromosomes to the 
right places. But a few cell biologists, chief 
among them Arthur Forer of York University in 
Toronto, Canada, and Jeremy Pickett-Heaps of 
the University of Melbourne, Austral 
Jong argued that microtubules and motor pro- 
teins don’t fully explain the movement of chro- 


mosomes along a spindle. As evidence, they 
point to what happens when they use a beam of 
Ultraviolet light to sever spindle microtubules in 
dividing cells. “You would expect a chromo- 
some to stop moving" says Forer. Yet both the 
chromosome and the severed microtubules 
keep sliding toward the cell edge. “It looks like 
something is pushing them" adds Foret. 

Fora motor protein todo the pushing, it “has 
to attach to something.” Forer points out. That 
something, he. Pickett-Heaps, and others 
angue, isthe spindle matrix. 


Reasonable doubts 
Over the pa 
posed various matrix inj 


decade, researchers have pro- 
edients, but none 
have yet convinced the skeptics. For example, 
Timothy J. Mitchison of Harvard Medical 
School in Boston and hiscolleagues reported in 
the 2 December 2004 issue of Nature that a 
polymer composed of sugars and nucleotides 
\as needed to assemble the spindle, But his 
imvhas since found no evidence that the poly 
mer is part ofa spindle matrix: Mitchison calls 
himself “agnostic” on the matrix hypothesis. 
The Johansens entered the matrix debate 
in 1996 when an antibody intended for a 
membrane protein instead bound to chromo- 
somes in the nucleus. During the early stages 
of mitosis. these proteins left the chromo- 
somes and, before any tubulin had started to 
form microtubules, created a suspiciously 
familiar filamentous oval. “It looked like a 


ciencemag.org 


spindle was forming within the nucleus, 
recalls Kristen Johansen. 

The researchers ultimately identified the 
nuclear protein, dubbing it skeletor. 
Since then, they have fished out megator, chro- 
mator, and EAST, three other nuclear proteins 
that, like skeletor, redistribute into a filamen- 
tous oval before the spindle itself takes shape. 
These ovals persist even if a chemical that 
breaks up microtubules is added to a dividing 
Hl. Tothe Johansens, these results are suzy 
tive of a nontubulin mesh of molecules that 
provides a platform upon which the spindle 
can assemble. The mesh may also offer a sub- 
strate for motor proteins to move along. 

And this summer, Forer’s group, working 
with the Johansens, reported in the | July 
2007 Journal of Cell Science that a muscle 


Chromator Megator 
‘Moonlighting. in nondividing cells, the proteins 
cchromator and megator reside in the nucleus, either 
‘on chromosomes (top, left) or dispersed (top, right). 


But as cells start to divide, each protein rearranges 
into an ovat spindlelike structure (bottom). 


protein called titin appears in many of the 
same places within a dividing cell as skeletor 
(or, chromator, and microtubules. Giv' 
titin’s distribution seems to mirror the 
spindle, Forer considers the protein an excel 

lent candidate to provide musclelike elasticity 
toa spindle matrix. 

All this is provocative but far from proof 
that there isa spindle matrix composed of titin, 
skeletor, or anything else. One problem is that 
scientists have looked carefully for gene mut 
tions that perturb spindle assembly, shape, or 
function, and thus far. none of the genes forthe 
Jobansens’ proteins has popped up. “What has 
been lacking up till now, and what people are 
clamoring for, is better evidence fora direct 
role of the mairix in spindle fune 
acknon 

That proof isn't easy to come 
‘other spindle-matris fans stress, Because some 


SPECIALSECTION 


of the key proteins have additional jobs in the 
nucleus—megator is part of the complex that 
regulates traffic across the nuclear membrane, 
for example—mutating them or depriving 
cells of the proteins may simply cause cells to 
die or have other problems that obscure any 
spindle defects, 


Smoking gun? 

Still, in work to be presented at the American 
Society for Cell Biology meeting in Washi 
ton, D.C., next week, the Johansens and their 
aues Will describe strains of fruit flies 
with subtle mutations in chromator's zene, 
These flies exhibit spindle defeets—poorly 
nized microtubules or improper chromo- 
some segregation, for example—as cells 
divide, The researchers further show that 
introducing the normal gene into cells cor 
rects the problems. Finally, they provide evi- 
dence that chromator actually binds to micro- 
tubules and to a motor protein, “Hopefully, 
when these experiments are complete, we will 
be close to having a ‘smoking gun,’ says 
Kristen Johansen 

Zher 
attempt to s 
adda 
of frog eg 
spindles. With this simplified system, Zheng 
can concentrate on spinal function alone. 
Last year, using this strategy, Zheng and her 
colleagues added a new name to the list of ean 
didate spindle-matrix proteins: lamin B 
(Science, 31 March 2006, p. 1887), According 
to Zheng, this filamentous protein looks a bit 
like the putative matrix proteins studied by the 
Johansens, I's likewise found in the nucleus, as 
part of the protein mesh that underlies the 
nuclear envelope. 

Other researchers had shown that when 
thisenvelope breaks down at the beginning of 
mitosis, lamin B disperses and some of it 
ends up on spindle filaments. Using her egy- 
extract system, Zheng and her colleagues 
showed that lamin B is required for spindle 
creation and forms a matrix that harbors 
spindle assembly factors. 

Zheng is now chasing down other possible 
spindle-matrix proteins using her system, 
And she proposes that as a nucleus dissolves 
for mitosis, many of its components likely 
become part of the spindle matrix. Still, she 
knows all too well how unfashionable the 
spindle matrix remains: Zheng recently lost 
her NIH funding and decided to downplay 
mention of her work on the matrix ina recent 
NIH grant application. “We're not at the tip- 
ping point yet.” she says. “JOHN TRAVIS 


g has taken another approach in an 
spindle-matrix skeptics, She 
rase tothe extracts, 
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The Nucleus 


REVIEW 


Toward a High-Resolution View 
of Nuclear Dynamics 


Laura Trinkte-Mulcahy* and Angus |. Lamond 


The nucleus is the defining feature of eukaryotic cells. I is a highly dynamic, membrane-bound 
‘organelle that encloses chromatin and thereby partitions gene transcription from sites of protein 
translation in the cytoplasm. Major cellular events, including DNA replication, messenger RNA 
synthesis and processing, and ribosome subunit biogenesis, take place within the nucleus, resulting 
in a continuous flux of macromolecules into and out of the nucleus through dedicated nuclear 


pore complexes in the nuclear envelope. Here, we review the impact of new technologies, 


‘especially in areas of fluorescence microscopy and proteomics, which are providing major insights 
into dynamic processes affecting both structure and function within the nucleus. 


I eukaryotic cells enclose their genome 
As dedicated organelle termed the 

snueleus. Nuclear chromatin is the tem- 
plate for wo of the cell's major metabolic 
activities, DNA replication and transcription, 
necessitating a huge flax of macromolecules into 
and out of the nucleus, For example, import of 
histones is required during S phase of the cell 
teyele to packae the newly replicated DNA. and 
both ribosome subunits and mRNA transcripts 
imuist be regularly exported from the nucleus for 
ribosome assembly and protein translation in the 
éeytoplasm, Nuclear functions ean vary at differ- 
cent stages of interphase, while during mitosis, in 
most eukaryotes, the entire nucleus is. disas- 
sembled (Fig. 1). This involves. chromosome 
condensation, distssembly of the nuclear lamina 
and envelope, and complete or partial disasscm- 
bly of subnuclear bodies such as nucleoli and 
Cajal bodies, 

Despite the importance of nuckear functions 
and extensive research into many aspeets. of 
mechanisms affecting nuclear processes, our 
Understanding of the structure and function of 
the nucleus is still surprisingly limited. In part, 
this has reflected technological limitations, which 
have made it difficult to resolve dynamie nuclear 
‘events at the cell biological level 

Methodological advances have provided new 
‘opportunities to investigate how complex nuclear 
mechanisms, which have langely been studied in 
Vito, take place within the context ofa living eel 
Live cell uorescence imaging techniques, espe- 
cially those involving the use of fluorescent 
protein (FP}agged reporters, now allow the lo- 
calization, dynamic properties, and interactions 
‘of proteins and ribonuclear protein (RNP) com 
plexes in the nuckus to be studied quantitatively. 


Wellcome Trust Centre for Gene Regulation and Expression, 

College of Ute Sciences, University of Dundee, Dundee 

D1 SEH, UK. 

“To whom correspondence should be addressed. E-mail: 
inklemulcahy@dundee.ac.uk 


30 NOVEMBER 2007 VOL318 SCIENCE 


‘Concurrent with this, advances in the sensitivity 
and time resolution of global approaches, pari 
ularly mass spectrometry (MS)-based proteomics, 
ow permit quantitative analyses of complex pro- 
comes and their changes in response to cell growth 
‘and perturbations. Importantly this includes the 
direct analysis of endogenous proteins and their 
‘complex posttranslation modification states. 
Here, we highlight recent examples of the 
application of both imaging and protcomics ap- 
‘proaches to uncover mechanisms involved in the 
dynamic organization of nuckear structure and 
function throughout the cell eycle. We focus on 
transcription, replication, and condensation of 
chromatin and on the regulated assembly and 
disassembly of nuclear structures during mitosis 


Emerging Technologies: Imaging and Proteomics 
Green fluorescent protein (GFP) and its many 
Variants have been major driving forces 
‘enabling the visualization of nuclear structure 
and function in live cells. There is now an entire 
“toolbox” of fluorescent proteins with different 
chromatic and structural properties [reviewed in 
(Zk Combinations of chromatic variants can be 
Visualized in the same cell, and specific pairs 
‘permit protein-protein interactions to be mea- 
sured in vivo by fluorescence resonance enemy 
transfer (FRET). In fluorescence complementa- 
tion, the direct interaction of two protcins, each 
fused to a nonfuorescent fragment of a fuo- 
rophor, is reflected by formation of the intact 
Muorescent complex (2). Other interesting. yar- 
ants are photoactivatable GFP (paGFP) and 
similar fluorophores (3). Both GFP and photo- 
activatable tags, when combined with ether laser 
photobleaching or photoactivation, respectively, 
allow rates of protein movement within cells to 
bbe measured under a wide range of conditions. 
A major advantage of fluorescent proteins is 
‘that events can be analyzed atthe level of a singh 
cell and in the same cell throughout the celleyele. 
By fising FP tags to DNA or RNA binding 
domains, the movement of specific DNA loci 


and RNP complexes can be visualized, facilitat- 
ing the in vivo analysis of ene expression 
{reviewed in (4, 5)].A caveat with all FP-tayging 
techniques, however, is that the presence of the 
tag can alter the properties and function of the 
molecule being visualized. Therefore, itis impor- 
tant 10 control for the eflect of the tag in the 
experiment design and, where possible, validate 
the results obtained using other methods. An in- 
teresting parallel approach developed recently in- 
volves “chromobodies,” Le. epitope-tecognition 
fragments of antibody heavy chains fused 10 fluo 
rophores that can be expressed in living cells and 
allow livecal imaging of endogenous proteins (6). 

Proteomics, An important goal in character- 
izing nuckear onganization is to identify proteins 
concentrated on chromatin and in each of the 
diflerent subnuclear domains, which can guide 
future functional experiments, The method of 
choice for such analyses is MS-basad proteomics, 
although -non-MS-based techniques. have also 
proved usc, 

Inthe ease of the nucleus, proteomic analyses 
have been performed on purified nucleoli, enriched! 
[Preparations of interehnomatin granule clusters, n+ 
clear envelope and pore complexes, and various 
Purified chromatin and chromosome fractions 
(7-10), major limitation, however, is that the 
resulting “static” proteome provides an averaged 
‘view, which does not take into account dynamic 
changes in the protein composition of an organ- 
le or structure, either at different cell cycle stages 
fr in response to specific stimuli, Furthennore, 
this first-generation proteome does not distinguish 
between proteins that are predominantly located 
\withina specifi structure, and other components, 
which are only present in low amounts and/or 
transiently under specific conditions. 

Detailed information conceming the dynamic 
properties of nuclear structures can be obtained 
‘with quantitative techniques such as. stable 
isotope labeling of amino acids in cell culture 
(SILAC) andl isotope tagging for relative and 
absolute protein quantitation (TRAQ) [reviewed 
in (/2)}, These techniques are based on differen 
tial isotope labeling of proteins fiom cells under 
two oF more different experimental conditions, 
‘which allows quantitation of the relative amounts 
of protcin found in each condition. This provides 
for a “second generation” proteomics approach, 
‘which couples protein identification with a quan- 
titative annotation of protcin properties, including 
dynamics, turmover, and interaction partners. For 
example, isotope labeling in combination with 
MS has been usad to determine the flux of pro 
teins through nucleoli and to measure the tum 
over rates of many nucleolar proteins (7, 12), 
‘while a combination of SILAC-based quantita- 
tive proteomics with immunoprecipitation re- 
vealed differences in binding partners for two 
different isotopes of the same nuclear protein 
Phosphatase, PPI (/3). In addition, these meth- 
‘xls pennit dynamic assessment of changes in the 
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posttranslational modification state of proteins 
lunder a wide range of conditions (/4). 

‘The sensitivity of proteomics has not yet 
reached the point where measurements can be 
performed at the single-cell evel, However, itis 
already possible to combine the advantages of 
high-throughput proteomics in studying endoge- 
ows, untagged proteins in cell populations with 
the advantages of studying FP-tagged proteins at 
the single-cell level using Muorescence micros 
copy. These complementary techniques can be 
applied in parallel, providing a “dual stratezy” 
With which to analyze the same biological pro- 
‘cess (Fig. 2), Ths allows a direct comparison of 
the behavior of FP-tagged and endogenous forms 
‘of the same protein in stable cell ines, which 
detennines if the tagged protein isa vali reporter 
for the behavior of the endogenous form. 

An altemative to proteomics és to adopt a 
function-based approach, where zene expression 
isknocked down using RNA interference (RNAi) 
libraries and cells sereened for phenotypes alfcet- 
ing either a specific process or structure of inter- 
est. For example, large-scale RNAV screens have 
been performed to identify mammalian pro- 
teins involved in chromosome condensation and 
apoptosis (15), There i considerable scope in the 
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future for applying a combination of RNAi and 
Proteomics 10 identify proteins required for a 
range of nuclear activites. 


Functional Studies on the Nucleus 

Within the nucus, DNA is highly packaged 
through its association with histone proteins to 
form nucleosomes, which in tum are further 
‘compacted into higher-onder structures reviewed. 
in (/6)]. This chromatin complex is important 
both for controlling the compaction of chromo- 
somes and for regulating access to specific DNA 
sequences during gene transcription and DNA 
replication, Both global and localized changes in 
structure are driven, at least in part, by post 
translational modifications, including methyla- 
tion and acetylation of specific histone residues 
Moxiification of the DNA itself, such as base 
methylation of cytosine residues, is also impor- 
tant and is involved in the epigenetic marking of 
gene loci, 

The condensation state of chromatin, which 
‘can vary regionally in chromosomes during inter- 
phase, changes dramatically at the onset of mi- 
tosis when all chromosomes become highly 
condensed 10 ficilitate accurate segregation 10 
daughter cells. There is still debate over what 


‘envelope reassembly Tarenseeus tagregation ‘breakdown 
‘Anagnase Metaohase 

Fig. 1. Dynamic nuciear events. The cell cycle is divided broadly into inter- 

phase and mitosis, with cel growth and duplication of chromosomes occurring 


during interphase and segregation of chromosomes into two new daughter 
‘cells occurring during mitosis. Interphase is further divided into three distinct 


pletion of the previous 
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mechanisms are primarily responsible for the 
condensation of chromatin, because detailed 
results from in vitro studies have not correlated 
completely with in vivo results [reviewed in 
(16), For example, although topoisomerase Il 
and the condensin complexes are absolutely re- 
uired for mitotic chromosome condensation in 
vitro, pronounced condensation occurs in vivo 
even after knockdown or genetic knockout of 
these proteins, although segregation defects are 
observed. Ithas been suggested that ther primary 
effect may be on chromasome stability or archi- 
tecture, or that redundant mechanisms exist, The 
ddobate has also raised the important issue of how 
to measure chromatin condensation accurately, 
‘To improve upon subjective measurements based 
‘on visual inspection of microscopy images, 
approaches have been developed, includit 
the volume and den- 
sity of chromatin with fluorescent probes (17). 
Dynamic studies of transcription and repli- 
cation have been enabled by the development of 
method for visualizing specific DNA sequences, 
involving a tandem array of lac operator binding 
sites integrated into the genome and detected by 
g of FP-tagga lac repressor fasion pro- 
twins (78), This system has been used successfully 


stages—Gr, S, and G,—with specific functions carried out at each stage and 
‘advancement to the next stage dependent on proper progression and com- 


‘one. Recent uses of imaging (green) and proteomics 


(ink) techniques to study specific nuclear events are highlighted. 
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A Time-lapse fluorescence imaging 
8 es 
“inhbtranseripton Init transcription 
aan s0mh comin 
Medium \THeevy 


MS analysis of 
purified nucleoli i 
me 
c Direct comparison of imaging and proteomics 
crrinesocnin—e-  HE 
Endogenous protein = 3 
‘Time after transcriptional inhibition (min) 
Fig. 2. Dual-strategy imaging and proteomics approach. Fluorescence imaging and MS-based proteomics 


are complementary methods, which can be used together in a “dual strategy.” Time-lapse fluorescent 
imaging of an FP-tagged protein in a single cell nucleus (A) (ellipse) is used here to quantitate the 
fluorescence intensity within the nucleolus (hashed circle) over time, folowing inhibition of transcription. 
The results correlate with time-lapse proteomics data (B), in which the relate abundance of the 
endogenous protein within purified nucleoli was determined by metabolic labeling of cll populations at 
different time points following transcriptional inhibition. Cells were labeled either with tight “0, medium 
PC; ‘b), oF heavy ('C4N) isotopes of arginine and lysine, respectively, which cause a measurable shift in 
the mass of peptides containing these amino acids. When combined for purification of nucleoli and MS 
analysis, the changing proteome of the nucleolus following transcriptional inhibition is determined by 
‘alculating isotopic arginine and lysine ratios for each protein identified. Thus, the increase in fluorescence 
intensity of the FP-tagged protein within the nuceolus upon inhibition of transcription matches the 
increase in relative abundance of the endogenous protein within purified nucleoli (platted together in (O). 


in a range of organisms trom Escherichia eoll to 
‘eukaryotes and was adapted to analyze quantita- 
the kinetics of gene transcription by RNA 
polymerise I (Pol 11) in five mammalian cells 
(U9) (Fig, 3A). U combination of photo- 
bleaching and photoactivation coupled with 
‘mathematical modeling, single-cell kinetic mea- 
surements were made of promoter bind 
tiation, and elongation events, This shows that 
single-cell analysis of ene expression is already 
feasible, Further improvement in the sensitivity 


of detection of fluorescent signals should facili- 
late characterization of smaller arrays, or even 
y ‘more gene templates 
to be analyzed at the: cll evel. 

The study of individual DNA replicons 
Saccharomyces. cerevisiae replication factories 
was also made possible with the lac operon sys- 
tem (20). By combining quantitative fluorescence 
imaging of fae operon~ and tet operon-ta 
ene loci with an independent label for replica- 
tion sites, ie, DNA polymerase, the increase 


30 NOVEMBER 2007 VOL318 SCIENCE 


fluorescence that accompanies duplication of the 
insentd arrays could be monitored relative tothe 
site of replication. Time-lapse imaging of these 
two separate foci supports the idea that sister 
replication forks generated from the same origin 
remain associated within a replication factory 
while the DNA moves through it. related con- 
cept of a “transcription factory,” in which RNA 
Pol Il remains tethered while the transcribed gene 
‘move through, has also been proposed [rev 
in (2) 

Chromatin also shows dynamic, localized 
in response 10 different forms of DNA 
damage, as factors are rveruited to identify and 
pair the resulting lesions. The dynan 
ation of repair proteins with chromatin following 
se events has been analyzed in vivo 
Japse fluorescence imaging and photo- 
blcaching techniques (22). Using a combination 
of lac and tet operaior arrays detected by the 
binding of their respective FP-agyed repressors, 
the movement of individual double-strand chro: 
smosomie breaks was analyzed 
calls aller DNA damage (23). The resulting 
token ends do not move extensively within the 
thucleus, and this. immobilization requires the 
DNA-cad binding protein Ku80, In addition, 
ends resulting from double-strand breaks prefer- 
cntially undergo translocations with other chro 


wed 


‘mosomes in their local vicinity, The DNA repair 
process has also been analyzed by measuring the 
increased mobility of chromatin marked by 


GFP-tagged histone H2B at sites undengoing 
DNA damage repair (24), The results were con- 
sis change in the condensation 
state of chromatin, facilitating access of repair 


factors to sites 

A quantitative proteomics approach based on 
stable-isotope labeling and affinity purification 
\was used to characterize protein complexes asso 
cating with chromatin conta J form 
of the histone variant H2AX, which is phos 
phorylated at sites of double-strand DNA beaks 
25), Through comparison of iradiated and non. 
imadiated cells, specific proteins were found to 
eave damaged regions of chromatin, while known 
repair factors transiently accumulated at H2AX 
sites, indicating that the H2AX chromatin com- 
‘lex undergoes dynamic changes afler DNA dam- 
age and resulting DNA repair 

In most eases, the large-scale proteomic anal 
ysis of specific DNA-associated protei 
plexes has proven to be a technically diflicult 


for repression, Chromatin immunopre 
techniques have helped to lealize prot 
ie genes and can be combined with MS- 
based proteomics to identify both the DNA bind- 
ing site(s) for a tagged protein and its associated 
protein binding partners [reviewed in (24). 

It has proven difficult to isolate transcription 
factories and to extract engaged RNA Pol Il 
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‘complexes in native form. However, purification 
and MS analysis of tandem affinity. protein 
tagged RNA Pol II holoenzyme complexes iden- 
tified a minimum stable complex of both known 
and novel proteins (27). The absence of certain 
expected proteins, such as elongation factors, 
likely highlights the technical difficulties in iso- 
lating intact protcin complexes from relatively 
insoluble chromatin factions. Recently, a meth- 
‘od based on in vivo biotinylation tagging was 
used to identify transcription and chromatin se- 
modeling factors associated with the essential 
hematopoietic transcription factor GATA1 (28), 
A proteomics approach has also been used to 
identify the protein components of the Mediator 
‘complex, which links transcriptional activators 
\ith the general transcriptional machinery. It was 
‘shown that a common core of proteins is shared 
by alternate forms of the complex that differen- 
tially associate with components of the transerip~ 
tion machinery (29). 

Major changes are expected in the compo- 
sition of chromatin-associated proteins. during 
Initosis, and thus mitosis-specific chromatin pro 


Gone locus, 


Fig. 3. Fluorescent probes for cellular mechanisms. (A) Plasmid used to 
visualize and quantitatively assess the kinetics of gene expression. The gene 
locus is marked by cotransfected CFP-ac repressor binding to multiple lac 


‘operon repeats, whereas cotransfected MS2-YFP bi 


translated CFP fusion protein targets to cytoplasmic peroxisomes. (B) The 
biosensor Rango, used to monitor changes in RanGTP/GDP 


consists of an importin (3 binding domain (IBB) 
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teins may have roles in cither maintaining or 
regulating the unique condensed state that occurs 
during chromosome segregation. Proteomics meth- 
‘ods have been used to identify proteins asso- 
ciated with mitotic chromatin and to map prot 
interactions and posttranslational modifications in 
mitotic kinases, anaphase-promoting complex, cen- 
‘trosomes, and kinetochores [reviewed in (/0)), MS 
analysis of histone-depleted mitotic chromosomes 
identified several novel chromasome-associated 
proteins, including borealin, a component of 
the chromosomal passenger protein complex 
Borealin helps target this essential regulatory 
‘complex, which includes aurora B kinase, INCENP, 
and survivin, 10 centromeres and the central 
spindle during mitosis (30). 

Nucleoli and nuctear bodies. Many nuckear 
factors involved in events such as DNA repli- 
«ction, transcription, RNA processing, and ribo- 
some subunit biogenesis are organized in spatially 
distinct nuclear domains. These domains include 
chromosome territories, interchromatin granule 
clusters, nucleoli, and assorted nuclear bodies. 
Although many of the mechanisms controlling 
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the formation, organization, and movement of 
these domains remain unclear, live-cell experi- 
ments with FP-tigged fusion proteins suggest 
that the interaction of many factors with these 
domains is highly dynamic (37), 

FP-tagging and time-lapse imaging strategies 
have identified protcin-trafficking pathways 
Within the nucleus. The use of heterokaryon for- 
‘mation to distinguish between newly assembled 
and mature components showed that two major 
classes of nuclear RNPs, ic.. small nucleolar 
RNAs (snoRNAs) and small nuclear RNAS 
(snRNAs) complexed with specific proteins, ini 
tially concentrate in nuclear domains dist 
their final sites of function, Maturation of 
both splicing snRNPs and nucleolar snoRNPS 
and movement to their respective sites of fune- 
tion in-nuckcoplasmic splicing and ribosomal 
RNA (RNA) modification was shown to involve 
a transient localization in Cajal bodies [reviewed 
in (32)), More recently, this has been extended to 
include a role for the nuclear export factor CRM1 
in the directed nuclear movement of both 
saRNPs and snoRNPs (33, 34), 
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Binding of importin [to Rango sterically hinders the FRET interaction between 
CFP and YEP. Where levels of RanGTP are high, release of importin [i relieves 
this steric hindrance, and FRET can occur. Thisis observed asa decrease in the 
fluorescence lifetime of CFP. (C) A gradient of fluorescence lifetime is ob- 
served for the Rango probe in 2 metaphase mammalian cell, with shorter 
lifetimes (red) around chromosomes indicating FREV/free Rango and hence a 
hhigh level of RanGTP, which is maintained by chromatin-bound RCC1. 


VOL 318 30 NOVEMBER 2007 


1406 


The Nucleus 


Upon entry into mitosis, most nuctear bodies 
partially or fully disassemble, and nuclear fisne- 
tions such as transcription and pre-mRNA 
processing shut down. These processes, and re- 
assembly of nuclear complexes and domains at 
the end of mitosis, have been studied by time- 
lapse imaging of FP-tagged proteins, including 
analysis of the sequential entry of components of 
the gene expression machinery, ie., RNA Pol IL 
subunits and pre-mRNA processing factors, ito 
‘daughter nuclei after nuclear envelope (NE) for- 
mation (35), The initiation-competent form of 
RNA Pol IT and general transcription factors are 
imported first, with pre-mRNA splicing factors 
suggests that a mechanism, most lik 
level of nuclear import, exists to coord 
scription and pre-mRNA splicing durin 
sition from telophase to the establishm 
interphase nucleus, 

The beststudied nuclear body is the nucleo- 
lus, which forms around the tandemly repeated 
clusters of ribosomal DNA and is the site of 
FRNA transcription, processing, and ribosome 
subunit assembly [reviewed in (36)]- Quantitative 
kinetic analysis ofthe breakdown and reassembly 
‘ofthe nucleolus with FP-tagged proteins demon- 
strated that disassembly starts before the onset of 
NE breakdown with the loss of RNA Pol I sub- 
Units fiom the fibrillar centers (37), These sub- 
units originally belioved to remain associated with 
nucleolar organizing regions (NORS) throughou 
mitosis, were shown to transiently leave NOR 
ring metaphase, Dissociation of proteins from 
the remaining nucleolar subcompartments oc- 
ister rate and was coincident with NE 
breakdown, Reassembly of nucleoli also followed 
ined temporal sequence. although not neces 
sarily in the same onde, as the proteins were im- 
ported into newly formed nue 
FRET analysis between FP-tagged nucleolar peo- 
teins has extended such live-cell imaging experi 
ents to include information about protein- 
protein interactions during nucleolar reformation 
(38), Both early and late NA processing factors 
pass through the same prenucleolar bodies, and 
‘during translocation of these factors, interactions 
between protein partners fiom the same rRNA 
processing machinery can occur and may even 
induce formation of prenucleolar bodies. 

Although proteomics studies have been ear 
ried out on various nuclear protein complexes 
and enriched fractions of interchromatin granule 
clusters (8), nucleoli have proven the most 
ible of the nuckear besies to biochemical 
ion and detailed proteomic analysis 10 
define their protein composition in both mam- 
malian and plant cells. Nucleoli have also been 
uused to develop the “time-lapse proteomics 
strategy, in which, using the SILAC isotope- 
labeling procedure, changes in the relative levels 
‘of nucleolar proteins were systematically eval- 
uated by repeated proteomic analysis at multiple 
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time points affer treatment of cells with inhibitors 
either tanscription, proteasome activity, 
or specific kinases (7). Pulse labeling with heavy 
isotopes has also been used to characterize the 
different tumover rates of nucleolar proteins (12), 
These studies in the nucleolus have provided the 
first global characterization of the flux of pro- 
teins through a cellular organelle. It will clearly 


a 


chromatin] 


Fig. 4. Visualization of nuclear structures. (A) 
Conventional wide-field fluorescence micrograph 
‘of a paraformaldehyde-fixed HeLa cell stained with 
markers for the NPC (red), nucleolus (green), and 
chromatin (blue). A resolution timit of 200 nm 
imposed by the wavelength of visible light. (B) 
Field-emission scanning electron micrograph of a 
dy fractured HeLa cel, which permits spatial reso- 
lution of structures within 3 to 5 nm. The fracture 
‘exposed NPCs (arrowhead), which are clearly visi- 
ble on the surface of the nucleus, while a fracture 
‘across the surface exposes the chromatin within 
the nucleus. The paler, brighter circular area at the 
top center isa result ofthe increased backscatter 
electron signal from the dense nuceolar region. 


tbe important in the futun 
proaches to study 
defined complexes 
Nuclear envelope and transport. The NE 
and associated nuclear pore complexes (NPCs) 
provide a barrier between the genome and the 
cytoplasm and play a major role in controlling 
entry and exit ofthe wide range of molecules that 
must continually move between these cellular 
‘compartments [reviewed in (39). In addition to 
regulating nucleocytoplasmic exchange, the NE 
has also been linked to control of both signaling 
and mitotic progression [reviewed in (40)} 
Recent advances in imaging and single par- 
ticle tracking have been applied to study cargo 


to apply: similar ap- 
wher nuckar bodies and 


transport, permitting visualization of sing 
cules interacting with NPCs. Cargo molecules 
‘were shown to randomly diffuse within a NPC, 
exiting as a result of a single rate-limiting step 
(4D. The small guanosine triphosphatase (GTPase) 
Ran plays a central role in the transport mech- 
anism and is aso required during mitosis when 
the NE is no longer present. The common feature 
is that Ran signals the location of chromatin 
within the cell through establishment of a gra- 
dient in the relative levels of RanGTP GDP, with 
a higher RanGTP/GDP ratio occuring in the 
Vicinity of chromatin as Ran interacts with the 
chmomatin-bound GTP exchange factor RCCL 
Away from chromatin, hydrolysis of GTP bound 
to Ran is stimulated by a Ran GTPase activating 
(RanGAP), This gradient defines the 
‘of nucksoeytoplasmic transport dur 
, is required for the correct for- 
‘mation of bipolar mitotic spindles during mitosis 
(42), and defines the sites where NE and nue! 
reformation will occur at the end of tlo 
FRET probes have been used 10 visualize the 
RanGTP/GDP gradient in both cell-fve systems 
and in live mammalian cells (42, 43), As shown 
in Fig, 3, B and C. an importin B binding domain 
flanked by cyan (CFP) and yellow fluorescent 
protein (YEP) on opposite ends provides. an 
legant visual readout that indirectly reflects the 
lative level of RanGTP by monitoring the 
RanGTP-cpendlent cargo release from importin 
Bat different sites w I. This convenient 
assay for monitoring changes in the Ran GTP? 
GDP gradient upon specific perturbations. has 
been used to probe the contribution of Ran to 


acterized by the breakdown of the NE and asso- 
ciated structures before assoviation of condensed 
chmomosomes with the spindle and their subse: 
quent segregation during anaphase. NE break- 
down is a comple process involving disassembly 
ofthe underlying nuclear lamina, tearing apa of 
the membraneous NE, and disassembly of the 
NPCs (44). Advanced fluorescence and electron 
microscopy techniques have been applied to vi- 
saulize NPC disassembly and membrane fenes- 
tration, In starfish embryos, NPCs were seen to 
expand and likely contribute to tearing of the 
membrane (45), while in Xenopus the NPCs were 
dismantled and the pore closed before m 
rupturing (46), These apparently conflicting 
sults could be attributable either to differences 
between species orto technical imitations, Many 
details of the mechanisms involved in NPC as- 
sembly also remtin to be characterized, NPCs 
‘were revently shown to form de nove from both 
sides of the NE in pre-assembled Xenopus nuclei 
(47), supporting the view that once assembled, an 
NPC remains stable throughout intesphase, with 
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litle oF no exchange of nuckeoporins (Nups) 
‘between separate NPCs. 

Considerable work has also been aimed at 
iden the detailed protein composition of 
NPCs in yeast, Xenopus, and mammals. Combi- 
nations of biochemical fractionation and subtrac~ 
tive proteomics have produced the current 
inventory of Nups, which includes ~30 proteins, 
4 subset of which share phenylalanine-glycine 
(FG) repeat domains that bind transport factors 
‘and coordinate active transport through the NPC 
[reviewed in (%)]. The proteomics data on NPCs 
have in turn facilitated large-scale imaging 
studies aimed at localizing Nups within the 
NPC by both fluorescence and immunoelection 
microscopy, examining FRET interactions be- 
‘ween Nup pairs to build a network map of Nup- 
Nup interactions (48), and assessing the effects of 
RNAi knockdown of various Nups on NPC 
formation and integrity [reviewed in (49) 
‘Through the use of photobleaching analysis of 
GFP-tagged Nups to compare residence times, 
the dynamic organization of the NPC was also 
mapped (44), Nups known t0 localize to central 
parts of the NPC were more stable, whereas 
Peripheral components were more dynamic, con 
sistent with their having primarily structural and 
regulatory roles, respectively. Taken together, 
these studies demonstrate the complementary 
contributions of proteomics and. imaging ap- 
protches to the study of the NE and NPCs 


Conclusion 

Both proteomics and imaging technologies have 
contributed ¥0 the recent progress in analyzing 
«dynamic events connected with nuclear structure 
and funetion, Proteomics, for example, is rapidly 
moving away from the simple generation of lists 
‘of proteins toward providing quantitative anno- 
tation of protein properties, including intra- 
cellular distributions, concentrations, tumover 
dynamics, interaction parters, and postians- 
fational modifications. As the sensitivity con 
Wes to improve, it may yet be possible to reach 
the goal of performing proteomics studies on 
inaterial from a single cell, With the major em- 
phasis shifting toward quantitation and the 
analysis of protein dynamics, protcomics is rap- 
idly evolving into a mainstream research tool for 
cell biology. 

Fluorescence imaging technology also con- 
tinues 40 improve, both in sensitivity and reso 
lution, Improvements in instrumentation have 
brought us eloser to bridging the yap between the 
1-10 S-nm resolution of electron microscopy and 
the 200-nm resolution of light microscopy (Fig. 
4). With techniques such as stimulated emission 
depletion (STED) and photoactivated localization 
raction-limit imaging by sto- 
<chastic optical reconstruction microscopy (PALM 
STORM) that exploit reversibly saturable or pho- 
toswitchable transitions of Nuorescent probes, a 
resolution of ~20 nm has been achieved with 
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light microscopy (50), Higher-resolution imaging 
will also drive the further development of tech- 
niques exploiting the unique properties of GFP 
and related fluorophores. 

Currently, a major roadblock for the proteo- 
mic study of nuclear bodies and complexes is the 
difficulty in isolating enough pure and intact 
material for analysis. Progsess in this area is 
likely 10 come both from improvements in frac- 
tionation methods and also from further advances 
in MS technology that will allow proteomic anal 
ysis of complexes isolated from smaller numbers 
‘of ells. One promising approach is the develop- 
ment of protcin correlation profiling ($7), which 
does not rely on absolute purty ofthe structure oF 
‘organelle of interest. In this technique, cell lysates 
are fiactionated by density gradient centrifiuga- 
tion and analyzed by liquid chromatography 
based MS, Organclle localization is assigned by 
comparing the ion intensity profiles (hased on 
peptide mass and elution time from the column) 
‘of peptides from an unknown protcin to those of 
known marker proteins for particular organelles 
across the separated fractions. 

Another important future goal for proteo- 
mics studies is detailed mapping of post- 
{translational modifications, A large-scale 
nuclear phosphoprotcome has already been 
mapped (45), and SILAC can be used 10 
‘quantify, in parallel, thousands of changes in 
Phosphorylation sites in response to a cellular 
perturbation (46), Other global proteomics 
studies are addressing the significance and 
mechanism of complex posttranslational mod 
ifications that occur on DNA-associated pro- 
teins in addition to phosphorylation, including 
methylation, ADP-ribosylation, ubiquitina- 
tion, and acetylation (reviewed in (52)]. 

‘A major goal of proteomics now is 10 
‘quantitate protein abundance, dynamics, mod- 
ifications, and interactions at the single-cell 
Fevel. A parallel goal of imaging is time-lapse 
fluorescence microscopy of living cells with a 
sensitivity sufficient to detect singke molecules 
and a resolution approximating that of elec 
{ron microscopy. Improvements in mathemat- 
ical modeling may also allow a detailed 
quantitative understanding of specific steps 
in the mechanism of nuclear events to be 
derived and analyzed at the single-cell level, 
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REVIEW 


Blurring the Boundary: The Nuclear 
Envelope Extends Its Reach 


Colin L. Stewart,? Kyle J. Roux,? Brian Burke®* 


The past decade has seen a complete rethinking of the traditional view of the nuclear envelope as 
simply a passive enclosure for the chromosomes. The convergence of several lines of clinical and basic 
research has revealed additional roles in both signaling and mitotic progression. It becoming 
‘apparent that the nuclear envelope defines not only nuclear organization but also that of the 
‘cytoskeleton and, in this way, integrates both nuclear and cytoplasmic architecture, 


the nuclear envelope (NE) represents the 
Tr between the nucleus and cyto 

plasm and is essential in maintaining the 
unique identity of each compartment (2), To 
peerfonn this ole, the NE contains channels (the 
le of mediating. selective 
exchange of macromolecules. In fic, the NE 
displays the properties of a molecular sieve 
Small molecules, corresponding to globular pro- 
teins of ess than ~40 KD, may pris across the 
NE relatively unimpeded. Larger molecules, 
however, need to display specifi signals to enter 
‘or exit the nucleus (2) 

‘The NE is composed of several elements 
(Fig. 1), the most prominent of which are inner 
and outer nuclear membranes (INM and ONM). 
These ane separated by the perinuclear spact 
(PNS), a regular gap of 30 10 50 nm, Annular 
junctions between the INM and ONM_ form 
‘channels or pores that traverse the NE (3), These 
‘channels are occupied by nuclear pore complexes 
¢NPCs), Each NPC, of which there are several 
thousand in vertebrate somatic cells, contains 
multiple copies of ~30-protein subunits or 
nhueleoporins (Nups) and weighs in at more than 
‘60 megadalions (MD). Although NPCs were first 
recognized in the 1960s (4), their sugested role 
‘as mediators of nucleoeytoplasmic transport was 
finally definitively demonstrated 20 years later (5), 

Despite their continuities, the nuclear mem- 
branes ane biochemically distinct. The INM 
contains @ unique array of integral membrane 
ins (6, 7), whereas the ONM shares many of 
tions with the peripheral endoplasmic 
reticulum (ER), to which it has multiple con- 
nections. Thus the ER ONM, and INM represent 
discrete domains within a single membrane 
system, with the PNS being an extension of the 
ER lume 

‘The final feature of the NE is the nuclear 
Jamina (8). In vertebrate somatic cells, this is a 
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10- to 20-nm-thick protein meshwork asso- 
ciated with the nuclear face of the INM and is 
primarily composed of A- and B-type lamins 
These are members of the intermediate fila- 
ment (IF) family and, as do all IF proteins, 
feature a eviked coil flanked by nonhelical head 
and til domains. In Xenopus oocytes the lamina 
onsists of a network of IF-tike filaments (9). 
However, the generality of this onganization is 
uncertain, because the oocyte contains only a 
ingle major amin species, whereas somatic cells 
‘can contain up to five. This issue is more than just 
academic, because lamin defeets are linked 10 
several human diseases (sce bel. 


‘The standard view of the NE has been that its 
functions are largely passive: as a selectively per- 
meable container for the genome and as a by- 
stander that needs to be moved out of the way 
during mitosis, Recent developments, however, 
reveal that the NE plays far more active roles 
throughout the cell cycle. The recognition that 
certain diseases are linked 9 defects in both 
lamins and INM proteins has highlighted an 
essential purpose for the NE in defining inter- 
phase nuclear architecture, Related studies reveal 
ing node 
‘with an active role in mechanotransduction, Mone 
‘over, changes in nuclear lamina organization lead 
twaltered cytoplasmic machanics. The implication 
is that the NE integrates both nuclear and eyto- 
plasmic architecture by providing a dynamic fink 
‘between nucksar components and the eytoskelton, 


Mitotic Events 
During the “open” mitosis of higher cells, the 
NE undergoes. major structural organization 
(Z0), Because the mitotic spindle is assembled in 
the cytoplasm, the NE must be panially or 
completely disassembled, a process that is 
mediated by phosphorylation of multiple NE 
components. NE disassembly, in this. way, 
pemnits spindle microtubules to gain access 10 
the mitotic chromosomes. On completion of 
chromatid segregation, all of the disassembled 


Microfilament 


Fig. 1. Overview of nuciear envelope organization. Some selected INM proteins, including lamina- 


associated polypeptides 1 and 2 (LAP and LAP2) and LBR, are shot 


hese proteins interact with 


HP1 and BAF and provide links to chromatin. Lamin filaments are thought to form the basic 
structure of the nuclear lamina. Continuities between the INM and ONM at the periphery of each 
NPC are shown. The ONM, which is continuous with the ER, is characterized by cytoskeleton- 
associated nesprin proteins that are tethered by Sun and Sun2 in the INM. 
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[NE components are reutilized to assemble NEsin 
each daughter cell 

Disruption of the nuclear membranes and dis- 
persal oftheir constituents throughout the periph- 
ral ER is facilitated by astral microtubules and 
ONMassociated cytoplasmic dynein, a micro- 
tubule motor protein (//). There is also a poorly 
understood involvement of COI. a vesicle cout 
protein complex associated withthe Golgi appa- 
ratus (/2, 13), COPI displays an arrangement of 
structural motifs, featuring [epropeller and c= 
solenoid folds, that is also found in the NuplO7~ 
Nup160 complex of nucleoporins, a component 
fof the NPC central framework, This raises in- 
triguing questions about the evolutionary and 
mechanistic relations among these proteins (14), 

‘An emenging theme is the display of dual- 
interphase versus mitotic fictions of several NE 
components, Both A- and Baype lamins are 
dispersed throughout the cell during. mitosis, 
Although A-type lamins behave as soluble pro- 
teins, BHype lamins, which are constitutively 
famesylatad, remain largely membrane-associated 
(U3). Surprisingly, the Betype lamins play an 
active role in mitotic progression by contributing 
to the formation of a spindle mattis (6). 

Some Nups also display such dual fimetions. 
Nup358 is a component of short filaments that 
form the cytoplasmic aspect of the NPC. Follow~ 
ing NE breakdown (NEB), however, Nup358 
relocates to kinctochores (17). In the absence of 
Nup358, kinetochores are_malformed, which 
leads to chromatid segregation detects (18, 19) 
‘The NuplO7-Nupl60 complex exhibits simikar 
mitotic behavior (20, 22), Evidently, there isa 
reciprocal relation between the spindle and the 
On the one hand, dynein and astral micro 
NEB: on the other, disassem- 
components contribute to maturation of 
a functional spindle. 

Because budding yeast uses an intranuclear 
spindle, it does: not undergo NEB. Nonetheless, 
NE rearangements still play an essential role in 
_yeast mitotic progression. The NPC subunit NupS3 
is involved in the regulation of eytokinesis through 
SUMOylation of septn proteins inthe bud neck 

22, 23), Furthermore the knetochore-associated 
checkpoint proteins MAD and MAD2 are immo- 
bilized at NPCs during interphase and evidently 
contribute to NPC functionality (24. The katier 
findings. as well as those in vertebrates aise some 
fundamental questions about evolutionary relations 
between kinetochores and NPCS. 

NE reassembly commences in anaphase, with 
stepwise recruitment of NE components. The 
‘earliest event involves association of the Nupl07~ 
Nupl60 complex with the chromatin surface 
(J). This is followed by the appearance of INM 
proteins and the formation of a continuous 
double membrane, These membrane components 
tein the peripheral ER network (25). NPC 
proteins also play a crucial role in membrane 
assembly. Interplay between NuplO7-160 and 
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the NPC membrane protein POMI21 seems to 
function as a membrane assembly checkpoint, 
Which ensures that a sealed NE does not form in 
the absence of functional NPCS (26) 


The Nuclear Envelope and Disease 
‘The past decade has scen the emergence of links 
‘between the NE and both infectious and hered- 
itary diseases. Viruses, in particular, have devel- 
‘oped strategies for subverting, and even bypassing, 
host-cell nuclear transport pathways. Both ade- 
novinus and influenza A employ virally encoded 
adaptor proteins to import their genomes into the 
ruckus (27, 28), Parvovirus, in contrast, resorts 
to transient disruption of the nuclear membranes 
toachicve the same result (29), Nuclear export of 
HIV RNA uses the leucine-rich nuclear export 
signal receptor exportin-Crml, by using the HIV 
Rev protein as an adaptor (30), However, herpes 
simplex virus capsids, which are assembled within 
the nucleoplasm, exit the nuckus by budding 
through the lamina and INM into the PNS (37), 
In this way, herpssvines capsids bypass NPCS anal 
conventional export pathways. Even vesicular 
stomatitis virus, the replication of which is exclu- 
sively cytoplasmic, preys on the nuckeocytoplasmic 
Iransport system. It uses its own matrix protein 
(M) to block colhilar mRNA export. M protein 
forms a ternary complex with Rael, an mRNA 
‘export factor, and Nup®. To counter this, both 
Ract and Nup98 expression is up-regulated by 
imerferon (32). In this way, the NE is one of 
several fronts on which antiviral warfare is fought. 

Undoubtedly, itis the identification of about 
ccight different diseases (laminopathies) resulting 
from mutations within the lamin A (MINA) zene, 
along with a further seven diseases. or anomalies 
due to defects in other NE proteins, that has re- 
Vitalized interest in the NE (33). The lamino- 
‘athies can be grouped into three categories: those 
Primarily affecting striated muscle (skeletal and 
ccandiac) and peripheral nerves, those affecting ske- 
tal and fat development and homeestasis, and 
those resulting in premature aging or progeria 
(33), LMNA is unique in that mutation of no other 
‘gene results in so many diverse phenotypes. This 
is all the more puzzling because LMNA is 
expressed in most adult cell types, yet dif 
ferent mutations result in tissue-specific patholo- 
ics. It is surprising that only one disease 
(autosomal dominant leukodystrophy) is linked 
to the LMINB/ gene (a duplication) (34). This 
implies that mammals may be more sensitive 10 
‘perturbations of the constitutively expressed B- 
type Jamins, a notion supported by the late 
embryonic or perinatal lethality observed in 
Linb mull mice (35). 

An intriguing aspect of faminopathies is that 
‘most of the pathologies only become apparent 
after birth, despite the fact that LANA expression 
‘commences during embryogencsis (36). This has 
le to speculation that A-type lamins are important 
in postnatal tissue homeostasis, particularly those 
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of mesenchymal origin that undergo steady 
tumover during postnatal life (37). Lamins might 
therefore be involved in regulating the balance 
between stem cell turnover and differentiation, 
Nevertheless, we still do not Fully understand how 
different mutations result in tissue-specific pa- 
thologies. Clues have come from the study of cells 
derived from mice engineered to camry the sme 
‘mutations in their Lana gene as those causing 
disease in humans, Mutations causing muscle 
laminopathies, such as autosomal-dominant 
Emery-Dreifiss muscular dystrophy (EDMD2) 
sand dilated cardiomyopathy (CMA), are found 
throughout LMNA and frequently disrupt lamin 
assembly (38), There ae several consequences 19 
this, First, mechanical integrity of the nucleus is 
compromised: the nucleus becomes weaker and 
‘more susceptible to mechanical stress (39), Second, 
disruption of the lamina afleets mech 
tes of the cytoplasm, which result 
in cytoplasmic elasticity and viscosity (39, 40) 
‘Third, the centrosome is lost from the vicinity of 
the nucleus (40), Last a disrupted lamina results 
in redistribution of heterochromatin and NPCs 
and affects the retention of some nuclear mem= 
‘brane proteins. The best example of the latter is 
sserin, an INM protein, which may relocate to 
the peripheral ER in LMNA mutant cells (4), 
Indeed, the X-linked form of EDMD is linked to 
‘mutations in the emerin gene (EMD) (42), This 
suggests that loss of emerin from the nucleus 
contributes to some of the dystrophic and cardiac 
conduction-defect laminopathies, Precisely what 
Finction (or funetions) emerin performs at th 
is unclear, athough evidence from mice lacking 
cmerin suggests that it may be important for the 
proper function of retinoblastoma protein ¢pRb) 
and MyoD in muscle differentiation (43). Other 
Proteins such as Sun2 and certain nesprin iso 
formis may also be Fost fom when Acype 
Jamin expression is compromised (44, 45), Their 
‘islocalization may be linked to the changes in 
ytoplasmic mechanics and centrosome position 
ing (see below), 

A fifth consequence of disrupting. lamina 
assembly is that signaling systems, such as the 
stress-esponsive nuclear factor xB pathway, are 
compromised, which makes the aflected cells 
Jess resistant 10 mechanical stresses (46). The 
pleiotropic effects of lamina disruption may help 
explain why the musele-based laminopathies dis- 
play such variation in severity and penetrance, It 
may also suggest why some 50% of individuals 
diagnosed with EDMD carry no mutations in 
sither the LIINA or EMD genes, and therefore, 
‘nonmuscle laminopathy may arise from defects 
in other proteins whose function is directly or 
indirectly dependent on an intact lamina (47), 

At present, we have few insights into the 
molecular bases of the nonmusce laminopathi 
including peripheral neuropathy (CMT2B1), 
lipodystrophy (FPLD), and mandibuloacral dys- 
plasia (MAD). In contrast to the muscle la 
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pathic, each of these diseases is associated with 
specific amino acid changes. None appears to 
affect lamina assembly, although posttransks- 
tional processing of lamin A may be affected i 
FPLD (48, 49), Because the amino acids that are 
mutated are at the surface of either the rod do~ 
muin (CMT2B1) oF the C-temninal globular do- 
main (PLD and MAD), itis possible that these 
may perturb interactions with other nuclear pro- 
teins. Ifs0, such proteins remain to be identified, 
although for FPLD the lipogenic activator, sterol 
regulatory element-binding protein (SREBP-1), 
has been suggested as a possible candidate (50). 
The last and perhaps most fascinating group 
‘of laminopathies are the progeric discases, 
Hutchinson-Gilfond progeria syndrome (IIGPS) 
and atypical Wemer’s syndrome, The mast com 
mon mutation resulting in HGPS causes an in- 
frame deletion of 50 amino acids in the lamin. A 
protein, resulting in the removal of a critical 
endoproteolytic cleavage site (57, 52), Conse- 
quently, posttranslational processing of kamin A 
is impaired, with the truncated lamin protein 
(progerin) retaining a famesyl residue at its C 
Terminus. Expression of progerin his devastating 
‘consequences, with affected children displaying 
«gtowth retardation, skeletal andl skin defeets, andl 
‘alopecia, Death occurs in the midteens dic to 
arteriosclerosis. The principal cellular effects of 
progerin are an accumulation and thickening of 
nina and impaired mitosis (53, S49, These 
alterations: may be associated with defects in 
DNA repair mechanisms, as well as alterations to 
chromatin, all of which may contribute to 3 
decline in cell proliferation observed in cultured 
fibroblasts from progeric patients (55-57). Any 
decrease in proliferative capacity could result in a 
failure of some tissues to regenerate, Which may 
‘be the underlying basis of progeria, Programs are 
tunder way to detennine the efficacy of famesyl 
transferase inhibitors in treating progeria, How= 
ver its worth noting that we have not addressed 
the cellular and molecular consequences of other, 
even more rate, Z:MINA mutations that are asso 
cated with IIGPS or atypical Wenier'sand wheth- 
cer they, 100, feature detective fimesylation (58), 


The Emerging Role of the NE 
in Cellular Signaling 

The recognition of multiple human diseases 
Tinked to defects in NE proteins has led 10 the 
reevaluation of the NE as a signaling platform, 
‘There is abundant evidence for NE involvement 
in the regulation of DNA replication (59) and 
RNA polymerase II-dependent gene expression 
(60, 61). Lamins are known to associate with 
‘gene regulatory proteins stich as pRb (62-64), 
barrierto-autointezration factor (BAF) (65), his- 
tones (66), SREBP-1 (48, 50), and c-Fos (67). In 
addition, several integral INM proteins such as 
‘emerin, lamin B receptor (LBR), MANI, and 
lamina-associated polypeptide 26 (Lap2B) inter- 
act with transcriptional repressors and/or chro- 
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‘matin modifiers (61). Emerin alone associates 
With gene-regulatory proteins such as BAF (68), 
gen cell-fess (GCL) (65), freatenin (69), BIE 
(70), YTS21-B (71), and Lino? (72), These 
interactions may all serve to modulate gene ex- 
pression ang cell differentiation. A ease in point 
i the nuclear retention and protection from 


—_ 


‘complex 


Fig. 2. The LINC complex in vertebrate cells may integrate nuclear 
‘components, including chromatin domains (blue), with cell surface 
and extracellular structures, including focal adhesions and junctional 
‘complexes, This is mediated by elements of the cytoskeleton, including 
both microfilaments and intermediate filaments. The LINC complex 
contains ONM nesprins that are tethered, via translumenal inter- 
actions, by INM SUN proteins. Sun, shown in the diagram, likely 
‘exists a5 a dimer. Its nucleoplasmic domain binds A-type lamins and 
histone H2B, a5 well as the chromatin modifier HALP (108). 


proteasomal degradation of the hypophaspho- 
lated active form of the tumor suppressor, pRb 
This probably occurs through interaction of 
Rb with Lape and A-type lamin (74), 

The best-characterized example of an INM 
‘protcin involved in cell signaling is MANI (75). 
A highly conserved region of the MANI nu- 
cleoplasmic C-terminal domain mediates inter- 
action with the MH2 domain of the R-Smads, 
‘transcriptional regulators downstream of transform= 
ing growth factor-B (TGFB) and bone morpho- 
‘genic protcin (BMP) (76-80), MANI binding 
‘of R-Smads attenuates TGFB-BMP. signaling. 
Although the exact mechanism for this remains 
unclear, it fikely involves interference in Smad 
hetero-oligomerization and/or phosphorylation, 
both necessary for Smad function (75). Muta- 
tions in MANI_ are linked to osteopoikilosis, 
Buschke-Ollendorff syndrome, and melorbeos- 
tosis (76), three autosomal dominant diseases 


with the shard pathology of increased bone 
density; they could be accounted for, in part, by 
reduced capacity to modulate TGFB-BMP si 
naling, as well as hyperactivation of Smad tran- 
scriptional activity (78), 

Of the dazen oro INM proteins characterized 
to date, virtually all interact with regulatory 
mokeules, chromatin compo- 
rents, or both, However, there 
is limited evidence oftheir con- 
tnbution 10 cell physiology in 
cither health or disease, The 
situation will Tikely become 
even more complex as ~60 
additional, largely uncharacter- 
ive, nuclear membrane pro 
teins (87), possibly including 
INM catkium channels (82.83), 
are included in the equation, 
It seems increasingly clear that 
the signaling and regulatory 
pathways that form a nexus at 
the NE willbe deciphered using 
system-based apprciches. 

‘Two recently characterized, 
‘classes of INM_ and ONM 
transmembrane proteins inter= 
ct across the PNS and asso 
‘ciate with both the lamina and 
cytoskeleton (Fig. 2). The 
notion of such transtumenal 
interactions arose from studies 
in Caenorhataltis elegans, 
where localization of a lange 
ONM actin-binding. protein, 
Ane-1, was found 10 be d= 
pendent on Une-84, an INM. 
protein (84), Une-84 is a 
member of the SUN domain 
family of proteins (85), of 
Which there are at least five 
in vertebrates. Two of these, 
‘Sun! and Sun2, ate INM pro 
teins and are expressed in somatic cells. Both 
Sunt and Sun2 interact with A-type lami 
(44, 43, 86, 87) and function as tethers. for 
members of the nesprin family of specttin-tepeat 
proteins in the ONM. The nesprins (also known as 
‘Syne proteins), Ane-1, and a Drosophila ONM 
protein, Klarsicht, all feature a. short, highly 
conserved C-terminal KASH domain (Klarsicht, 
‘Ane-1, Syne homology), which resides: within 
the PNS (88). It is the KASH domain that 
interacts with the Sunl/2 lumenal domain and 
forms a translumenal Tink analogous to. that 
proposed for Une-84 and Anc-1. The nesprins 
are encoded by at least three genes and 
encompass a bewildering array of splice variants 
(89-92), The langest isoforms (up to 1 MD) of | 
nesprins | and 2 contain N-terminal actin-bindi 
domains, whereas nesprin 3 contains a bindi 
site for plectin, an IF-associated cytolinker. Some 
smaller nesprin isoforms are also found in the 
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INM. Together, SUN proteins and ONM nesprins 
‘comprise the LINC complex (linker of nucleo- 
skeleton and cytoskeleton) (44, 45, 86, 87). Emerin 
might also be considered 3 peripheral component 
of the LINC complex because it associates with 
both INM nesprins (93-95) and lamins (68, 96), 
as well as with nuclear actin (97-99), nuclear 
myosin 1, and all-spectrin (100). Despite sim- 
ilarities, Sun} and Sun? are segregated within the 
INM. Sunl, in particular is concentrate in a hake 
around NPCs (/01), Although the significance 
‘ofthis localization is not understood. it does pro- 
Vide an explanation for the reported association 
‘of microfilaments and 1Fs with NPCs (102) 

‘A decade ayo, mechanical coupling of the 
nucleus and extracellular matrix (ECM) was ob- 
served (103), Physical displacement of ell surface 
integrins caused deformation of the nuckeoplasmn 
‘ata distance of several microns, The LINC com 
plex now provides a mechanism to explain these 
“observations and contributes toa model in which 
the eytoskeleton and) ECM are in physical asso~ 
ciation with the NE and nucleoplasmic contents. 
This huts obvious implications in terms of meck~ 
‘anotransdction and could provide a molecular 
buss for the changes in eytoplasmic organization 
‘anid mechanics that are observed in certain 
laminopathy models (39, 40), Conversely, extrae 
cellular cues could directly modulate nuclear 

or even gene 
‘expression, Perturbation of LINC complex pro- 
teins alters positioning of nuclei in skeletal 
muscle (04, 105), During cell migration, is the 
nucleus simply a passenger or a central anchor on 
‘which the eytoskeleton ean organize to extend o 
retract processes? Deciphering the mechanisms 
bchind such relations and their role in cell 
physiology seems likely to occur during the next 
phase in our ongoing quest to understand the NE, 


Conclusions 

With the exception of its periodic convulsion 
during mitosis, the NE presents us with a 
seemingly bland fagade, which buttresses the 
\widely held view that the role ofthe NE is langely 
passive. However, studies from several quarters 
have Jed to a reevaluation and expansion of 
our understanding of NE function. The link 
between human diseases and NE proteins has 
provided unexpected insight into their roles in 
normal cellular physiology. Although A-type 
lamins have been considered little more than 
NE structural proteins, such a simplistic view 
is incapable of accounting for all of the 
Jaminopathy-associated pathologies. Studies on 
LMNA-associated disease mechanisms have led 
to the finding that alterations in muctear lamina 
‘onganization can cause cytoskeletal changes po- 
ly involving the LINC complex. of SUN 
and nesprins. This opens up possibilities 
‘of signaling routes across the NE that may bypass 
NPCs, On the other hand, certain nucleoporins 
display alternate mitotic fimetions that are essen- 
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tial for mitotic progression. We are also begin- 
ning 1 recognize a complex interplay between 
disparate NE components. Assembly of NPCs dur- 
ing telophase is coupled to membrane assembly by 
what has all the hallmarks of a Nup-dependent 
checkpoint. Sun! and, hence, a subpopulation 
of LINC complexes are associated with NPC 
and provide them with a connection to both the 
nuclear lamina and the cytoskeleton. This syn- 
‘opsis only scratches the surface of the complex 
‘networks of interactions that are being revealed at 
the nuclear periphery. During the coming years, 
‘we may anticipate futher elucidation of both 
structural and signaling networks at the nuclear 
margins and renewed vision of the NE as a 
central clement in cellular physiology 

Note added in proof: Two recent papers 
by P. Mublhausser and U. Kutay (/06) and 
alpingidou et al. (07) further enhance 
‘our view of NE-cytoskeletal interactions, 
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REVIEW 


Crossing the Nuclear Envelope: 
Hierarchical Regulation of 
Nucleocytoplasmic Transport 


Laura J. Terry, Eric B. Shows, Susan R. Went 


Transport of macromolecules between the nucleus and cytoplasm isa critical cellular process for 
‘eukaryotes, and the machinery that mediates nucleocytoplasmic exchange is subject to multiple levels 
‘of control. Regulation is achieved by modulating the expression or function of single cargoes, transport 
receptors, or the transport channel. Each of these mechanisms has increasingly broad impacts on 
transport pattems and capacity, and this hierarchy of control diectly affects gene expression, signal 


transduction, development, and disease, 


clear genomic material fiom the other 
tracellular compartments necessitates con 
trolled nuclear entry and exit 10 

biological processes, The nuckeocy 
Port mechanism uses specific cellular Actors and 
macromolecular complexes to regulate such bi- 


I ccukaryotic cells, physical separation of the 


on of specific cargo across 
the nuclear envelope is especially critical for cor- 
rect cell division and gene expression. The im- 
portance of faithful nuclear import and export is 
underscored by the role transport plays in coori- 
nating embryonic development. Furthermore, d= 
regulation oF hijacking of transport pathways is 
‘also central to various disease sates. Here we high- 
light the mutitired strategies foe regulating nuckear 
influx and efflux of proteins and RNAS and the 
impacts of dynamic intra- and extracellular cues. 


Cellular Machinery for Nuclear 
Import and Export 

Entrance into and exit from the nucleus occurs via 
the nuclear pore complexes (NPCs), >60 MD 
macromolecular structures that fonn channels 
spanning the double lipid bilayer of the nuclear 
envelope (Fig. 1, A and B) (/, 2). Each NPC is 


‘equipped to facilitate both import and export of 


proteins and RNAs (Fig. 1C) (3). The constituent 
proteins of the NPC, nucleoporins (Nups), serve 
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precise roles in NPC assembly and function (4), 
Structural Nups contribute to the overall NPC 
architecture, and pore membrane proteins (Poms) 
anchor the NPC in the nuclear envelope. FG-Nups 
constitute a thin! class of Nups; they contain 
discrete domains with multiple phenylalanine- 
slycine (FG), GLFG (L, leucine), oF FXFG (x, 
any) repeat motifs separated by charged or polar 
spacer sequences (5). The FG-Nups presumably 
Tine the central NPC channel and extend filaments 
‘on both the eytoplasmic and nuckeoplasmic faces 
(Fig. 1B), Adkitionally. the unfolded nature of the 
FG domains might allow multiple topological 
positions in the NPC (6-8). 

Movement of ions, metabolites, and other 
small molecules through the NPC occurs via 
‘passive diffusion, bat the translocation of canoes 
anger than ~40 KD generally requires. specific 
transport receptors (9, 10). The FG-Nups are 
considered to play an intimate role in generating 
this NPC permeability barticr, although roles for 
stnictural Nups in formation of the banier have 
also been reported (//. 12). FG-Nups are 
essential components of the active translocation 
scaffold through the NPC (/3). Transport 
receptors are thought to engage in multiple, 
stochastic, Jow-aflinity interactions. with FG 
repeats during translocation. The series of inter- 
actions between an FG-Nup and a transport 
receptor during docking and translocation are 
cenerzy-independent, with nucleotide hydrolysis 
apparently required only during terminal release 
and directionality steps (0). 

The biophysical nature of the permeability 
bbamier and the mechanism of translocation re- 


‘main controversial and poorly understood (/3), 
At the core of the debate is whether the NPC 
permeability barrcr is physical or energcticy al 
recent studies suggest that either or both could be 
the ease (1. 8, 13-15). As a physical barrier, the 
FG-Nups would interact to fom a gelatinous 
meshwork through which only small molecules 
could passively diffuse (/4), Translocation 
through such a meshwork woukl be mediated 
by transport receptors that locally dissolve the 
barrier and permit passige of receptor-canzo 
complexes. As an energetic barrier, the NPC 
would form a repulsive gate, repelling non-FG- 
binding molecules (7, 8). Receptor bind 
FG-repeats would effectively allow concen- 
{ration of transport complexes at the NPC 
‘overcoming the entropic barrier and increasing 
the probubility of transport, Finally, a two 
dimensional walk mode! has been proposed, with 
a selective barrier to passive diffusion formed by 
the hydrophilic spacer sequctces: between 
repeats oF other Nups (/6). This woul result in 
the organization of a continuous FG surface 
allowing transport receptor-cargo complexes t0 
dock and pivot along neighboring FGs. The 
intrinsic translocation and barrier properties are 
critical to the regulatory role of the NPC in 
intracellular transport and signaling. and further 
‘biophysical and cellular studies will be required 
todiileremtiate between the propencd mechanisms, 

Transport receptors themselves are central 10 
the nuclear import and export steps of recoxniz~ 
ing signal-bearing cargoes, interacting with the 
NPC, and delivering cargo 10 its destination 
compartment (Fig. 1B) (77). The largest group of 
transport receptors comprise structurally related 
members of the karyopherin-(importins (Kap 
ImpB) protein family (importins, exportins, ot 
Iranspotins). Most Kapfis bind cangoes direc 
although Kapp commonly uses adaptors to ree- 
‘ognize cargo, Specifically, Kapxt isoforms serve 
as adaptors between Kapf and cargo (18). Di- 
rectionality of transport for Kapfi family meme 


bers is accomplished via the small guanosine 
Iiphosphatase (GTPase) Ran (Fig. 1B) (/0) and 


might also be affected by Nup-KapB binding 
sites (/3). Non-Kapfs transport receptors include 
the Ran guanosine diphosphate (RanGDP) im- 
port factor Nii and the general mRNA export 
receptor—yMex67 in yeast, mNxfl/Tap in 
‘mtazoans —that functions as a heterodimer with 
yMt2 or mNxtl/p1S, respectively (/0), Some 
‘cargoes also require more than one transport re- 
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‘ceptor, such as the Saccharomyces cerevisiae 60 
ribosomal subunit (9). Additionally, a limited 
number of cargoes undergo receptor-independent 
transport; for example, the Wnt signaling moke- 
‘cule B-catenin directly interacts with FG-repeats 
to mediate its own impor (20). 

It is increasingly clear that the regulation of 
nucleoeytoplasmic transport encompasses muli- 
ple levels of control and involves all the key trans- 
Port components: the NPC transport channel, the 
Transport receptors, and the transport cargo itslt 
AAs described here, the use of multiple regulation 
strategies allows for hierarchical levels of impact 
‘on the overall transport process (Fig. 2). Regue 
lation at the level of cargo usually leads to small 
scale changes involving only that particular cargo, 
Whereas modifications of transport reoeptor or 
adaptor function have an intermediate effect, 


potentially affecting all cargoes recognized by that 
receptor. Changes a the NPC level are more global 
and are positioned to influence multiple receptors 
and thus large numbers of cargo simuancously. 


Regulation at the Level of Individual Cargo 
The signals displayed by cargo molecules and 
recognized by transport receptors are tenmed 
nuclear localization (import) sequences (NLSs) 
and nuclear export sequences (NESs) (/0). These 
have classically been defined as primary amino 
acid motifs that are both necessary and sufficient 
for transport. However, it is now clear that such 
signals are composed of primary sequence and 
secondary or tertiary structural elements, and that 
they are present in both proteins and RNAS The 
precise sequence and the substructural context of 
ines its specificity for th 


Fig. 1. The NPC mediates bidirectional nucleocytoplasmic trafficking. (A) Scanning electron 
micrograph of NPC structures from the cytoplasmic (upper panel) and nucleoplasmic (lower panel) 


sides of a Xenopus laevis ooctye nuclear envelope. The sample was a prepared as described in (80). 
Limage courtesy of M. Goldberg, Durham University, and R. Stick, University of Bremen] (J 


Receptor-mediated transport involves sequential steps. A transport receptor recognizes a signal- 
bearing cargo and forms a receptor-cargo complex (1). The receptor-cargo complex then docks on 
the near side of the NPC (2) before engaging in sequential, stochastic, low-affinity interactions with 
FG-Nups during translocation (3). At the far side of the NPC, the receptor-cargo complex is 
disassembled (4) to deliver the cargo. For Kapfi import, complex disassembly is initiated by nuclear 
binding of RanGTP to the receptor. For Kap} nuclear export, RanGTP in the export receptor-cargo 
‘complex is hydrolyzed to RanGDP by the Ran GTPase activating protein (RanGAP), resulting in 
‘complex disassembly. The Ran guanine nucleotide exchange factor (RanGEF) is localized to the 
nucleus and generates high RanGTP concentrations, and RanGDP is imported into the nucleus by 
INtf2 (not shown). (C) Individual NPCs are capable of bidirectional movement of both proteins and 
RNA. Immunoelectron microscopy of a single nuclear pore from aX. laevis oocyte is shown after 
microinjection with gold-labeled transport substrates. Nucleoplasmin-gold (120 to 220 A) was 
injected into the cytoplasm (c) and tRNA-gold (20 to 50 A) was injected into the nucleus (n). The 
nuclear membranes are hightighted by the dotted blue lines. [Reprinted from (3) with permission] 
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various Kaps (2). Furthemore, the receptor 
protein and receptor-RNA interactions that me- 
diate cargo localization are govemed by multiple 
pestiranscriptional and posttranslational moditi- 
cations (Fig. 2, cargo). This allows for specific 
transport regulation of individual cargo. 

Control of nuclear localization by transport 
signals i fully demonstrated by classic examples 
from metazoan NF-xB and pS3_ signaling 
Nuclear import of the transcription factor 
NF-kB heterodimer p65-pS0 is regulated by 
intermolecular masking ofits NLS (22). Crys 
tal structure studies reveal that the NF-xB inhib 
itor IxBa directly occldes the NLS of p65- 
24), This results in the cytoplasmic I 
heterodimer; however, in response 
toproinflammatory stimuli, IxBa is subsequently 
degraded and NF-xB is released for nuclear 
import (Fig. 3A) (22), The tumor suppressor pS3 
shuttles between the nucleus and the cytoplasm 
in a cell eycle-dependent manner (25), In re- 
sponse 10 cellular stress, p53 is retained in the 
nucleus via an “NES masking” mechanism 
whereby p33 homotetramerizes. burying the 
NESs and blocking. interaction with the export 
ip Crm! (Fig. 3A), The nucloeytoplasmic 
shuutling of p53 is further abrogated by stress 
induced poly(ADP-ribosyHation that prevents 
pS3 interaction with Crt (26), Defects in 
p53 nuclear retention are associated with a num 
ber of neoplasms (27), illustrating the impor- 
tance of proper cellular localization for single 
cargoes. 

‘The affinity of a protein cargo for its cognate 
Kap receptor or Kaper adaptor influences: its 
nucleocytoplasmic transport efficiency (28) and 
represents a subile effector of transport regult- 
tion, However, cargo-receptor binding that is 100 
strong impedes cargo delivery and release (29), 
More broakly, eargo-receptor complex formation 
can be directly affected by postiranstational 
changes that involve specific modifications to 
NLSs of NESs. The 8. cerevisiae transcription fie= 
tor Phot undergoes phosphor 
imeractions with Kap to regu 
tion in response to phosphate availabili 
Foreyclin B1, phosphorylation of ts NES atthe 
onset of mitosis leads to nuclear retention by 
blocking interaction with Crml (31). In addition 
to phosphorylation, posttranslational modifi 
tions such as methylation and ubiquitination ean 
regulate the localization of a cargo. Methylation 
of the NLS in RNA helicase A is erucial for its 


monoubiquitination of specific lysine residues 
). Interestingly. the ubiquitin-conjugating en- 
zyme UbeM2 is imported only when charged 
‘with ubiquitin, implicating proper enzyme acti- 
vation as a transport “tigger” (Fig. 3B) (34). 
Thus, the use of posttranslational modifications 
to regulate protein transport allows cyclical and 
timely responses to cellular states. 
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Fig. 2. Nucleocytoplasmic transport is regulated at the level of the NPC, transport receptors, and 


individ 


| cargoes. The pyramid shows the hierarchy of levels used to regulate nucleocytoplasmic 


transport, with control at higher levels (right side) having broader impacts on trafficking. Each 
level is controlled by multiple mechanisms, with selected in vivo examples listed (front) and 


illustrated in Fig. 3. 


‘The paradigm of discrete signal elements that 
regulate nuclear transport is also readily evident 
for various RNA cargoes. RNA functions in the 
cytoplasm, and its export via direct interaction 
with the Kap exportin-t is tightly linked 10 its 
maturation state (35), Nuclear export of a subset 
‘of MRNAS is directly regulated by civacting 
RNA signal elements. Type D retroviral tran- 
scripts use a constitutive transport element 
(CTE), which dineetly binds the mNxf1 transport 
receptor (/0). Curiously, a CTE also exists within 
‘a gplice variant of the mRNA encoding mNxf 
(36), The mRNAS for some gene proxluets linked 
to cell eyele control harbor a unique, conserved 
structural element in their 3° untranslated region 
(S'UTR) that is recognized by the translation 
initiation Factor elF4E (37), Binding of elF4E to 
this element tangets these mRNAS 10 an mNxf1- 
independent export pathway. In addition to pro- 
rioting export, nucleic acid sequence elements 
regulate RNA nuclear retention and effectively 
modulate gene expression. The mRNA of the 
tumor-associated cytokine MSF contains a 3° 
UTR signal element that mediates nuclear reten= 
tion until postiranscriptional processing in r= 
sponse to transforming growth factor-I signaling 
triggers export (28), Similarly, a UTR element 
in an ahernate transcript of the amino acid trans- 
porter mCAT2 results in nuclear retention until 
stress conditions allow posttranscriptional pro- 
cessing and export (39). RNA signal elements 
can also direct nuclear import; a hexameric se- 
‘quence within the microRNA miR-29b is both 
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necessary and sufficient for its import (40), Se- 
‘quence and structural elements therefore directly 
aflect transport of specific RNAS, 

Essential to the maturation of mRNAS and 
ribosomal subunits is a series of regulated, lange- 
seale processing steps that control interactions 
With appropriate transport receptor(s). This 
ensures that only mature, fully processed cargo 
is exported. For mRNA, specific proteins are 
ccotranscriptionally recruited to form a messenger 
ribonucleoprotein particle (mRNP) with serial 
cchaniges to the mRNP during splicing, capping, 
and polyadenylation (/9). Regulated mRNP 
maturation is required for export, with deficien 
jes resuhing in nuclear mRNP retention (Fig. 
3B). A critical step in the mRNP export process 
is the recruitment of the transport receptor 
‘yMex67-Mtr2 (mNxfl-Nxtl) and targeting to 
the NPC (/9). Controlled, directional release of 
the mRNP into the cytoplasn, and alterations to 
the mRNP composition during export, are 
potentially coordinated by spatial activation of 
the RNA-dependent ATPase yDbpS through 
NPC-associated yGle1 and inositol hexakisphos- 
phate (4/, 42). The requirement for a soluble 
inositide in mRNA export might also allow 
‘modulation of transport by phospholipase C 
signaling (43), In a parallel manner, ribosomal 
subunits undergo sequential, regulated processing 
in the macleolus and nucleoplasm to form RNA 
‘protein complexes that are selectively exported to 
the cytoplasm (/9). Hence, cargo sisnals, mail 
cations, and composition can play essential roles in 


controlling the transport of individual protins, 
RNAs, and RNA.proikin complexes, 


Control via Modulation of 

Transport Receptors 

Although changing the transport dynamics of a 
single cargo is accomplished in several ways, the 
regulation of a suite of cargoes can perhaps be 
more effectively accomplished by altering dis- 
tinct transport receptors, S cerevisiae has at least 
17 different transport receptors, including the 14 
Kap family members, a single Kapa, yNt2, and 
the yMex67-Mur2 heterodimer (0, 17), Metazoa 
have ~20 known Kap family members, multiple 
Kapa. isoforms, mNt2, and up to four known 
mNxf family members (/7, 44), Each of these 
receptors recognizes a specific subset of NLS 
andor NESsand thereby govems the transport of | 
select cargoes. 

Several studies have documented that trans- 
‘port might be regulated by changes in receptor or 
adaptor expression levels (Fig. 2, transport re= 
ceptor), Diflerences in transport receptor expres 
sion pattems during development have been 
observed in Caenorhabditis elegans and Dro- 
sophila melanogaster (22), Tissie-specitic ex- 
pression of the thie Drasophila Kapars during 
gametogenesis and early embryogenesis directly 
regulates the cangoes that ane imported (Fig, 3C) 
(28), Indeed, aberrant Kaper expression patterns 
result in defects in fertility and embryogenesis, 
‘Human Kapas also show tissue-specific expression 
pratiems (45-47). Coordinated switching, between 
Kaper subtypes has been implicated in regulating 
the neural differentiation of mouse embryonic stem 
cals (48), In this case, the temporal expression of 
Kapas is critical for stage-specific nuclear import 
of transcription factors associated with develop- 
‘mental progression, Not only dor Kapats allow rey- 
‘ulation of which cargoes are imported (Fig. 3C), 
but use of a Kaper adaptor with Kap broxdens the 
dynamic range of import above that which a Kapis 
«ean accomplish alone (49), 

Deregulation of transport receptor shuttling 
pathways occurs in several disease states. Over- 
expression of Kap and/or Kaper family mem 
bets is detected in colon, breast, and lung cancers 
(30, 51), and deregulation of Kaper2 expression 
in melanoma cells and breast cancers correlates 
‘with poor survival and prognosis (5/, 52). How- 
ver it is unclear what cargoes are redistributed 
in cells overexpressing Kapa2 and how this 
affects tumor progression. In viral pathogenesis, 
sequestration of Kaparl or Kapa by Ebola virus 
or SARS-CoV. respectively, impedes the cellular 
antiviral response (53, 54), Thus, spatiotemporal 
control of transport receptor levels directly affects 
evelopment and is inked to disease mechanisms. 

The interplay between Kapfis for NPC 
binding sites is also emenging as a mechanism 
for regulating transport. As the abundance of a 
KapB and its cognate cargo(es) varies, $0 100 
does the efliciency of nuclear import (55-57) 
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Increasing the Kap level increases transport 
rates (55, 57); however, the process is saturable 
for a given Kapp (58). It is also possible that 
ferent individual transport receptors compete 
{or a limited number of NPC binding sites. Im- 
Ppt rates measured in intact cells are lower than 
rates in permeabilized cells by a factor of ~10, 
presumably because most competing KapBs are 
removed fiom the in vito system (55). Transport 
receptors also show preferences for different FG 
‘domains both in vivo and in vito, as summarized 
in (59, 60), Genetic manipulation of the NPC 
FG-repeat composition in S. cerevisiae further 
reveals that perturbations of single transport 
receptors are associated with specitic FG deke- 
tions (59, 60). This indicates that the NPC has 
multiple independent FG pathways, each used by 
different transport receptors, Moreover, with up 
‘or down-regulation of transport receptor levels, 
nueleocytoplesmic transkocation could also be 
affected by competition of transport receptors for 
FG pathways. 


Large-Scale Regulatory 
‘Mechanisms at the NPC 

The FG-Nups establish avenues 
for efficient trafficking of specific 
transport receptors, as highlighted 
above, In addition, the structural 
‘and barrier properties of NPCs 
broadly influence the transport of 
rwultipke receptors and cargoes simul 
tancously (Fig. 2, NPC) The ine 
toprity of this NPC barrier is 
potentially regulated by changes in 
Nup composition. Both the filamen- 
tous fungus Aspersillix nidulans and 
the starfish Asterina miniata undergo 
a.semi-open mitosis (ie. incomplete 
nuclear envelope breakdown) and 
disassemble only a faction of their 
Nups during mitosis (/2). The spe- 
cific Nups are presumably targeted 
for disassembly by phosphory lation 
‘and result in mitotic NPCs that are 
more permeable, Furthennore, ongi- 
hsm that undergo a closed mitosis, 
such as S. cerevisiae, initiate changes 
to the NPC structure in a cell eyeke 
dependent, Nup phosphorylation 
mediated mechanism to ater spec 
transport events (61, 62). The NPC 
subsiructural relocalization of yNupS3 
alters yKap 121 binding sites, with di- 
Feet consequences on nuclear import 
of yKapl21 cargoes (6/). Because 
ykapl21 also contributes to the peop- 
‘er subcellular localization ofthe small 
Ubiquitinlike modifier (SUMO) pro- 
tease yLilpl, this could be the basis 
for modified septin deSUMOyation 
pattems in mupS3 and kup!21 rmu- 
tants (63). Such temporal variation 
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in NPC composition also appears in several 
developmental scenarios, whercin expression 
pattems of mNupS0 and the pore membrane 
‘protein gp210 are restricted to specific tissues in 
mice (64, 65). Similarly, expression of the Nup 
‘mbo (homologous to mNupS§ and yNup§2) is 
tissue-specific in Drosophila (66), and mbo 
expression has an inhibitory effet on Cri. 
mediated export (67). Even within a single 
cerevisiae nucleus, the differential localization of 
NPC-associated proteins suggests that subsets of 
NPCs have specialized transport functions (68). 
‘Nuclear entry is critical for replication of most 
DNA and some RNA vinses, including polio- 
Virus, rhinovirus, influenza, and vesicular stoma- 
is vew (6, 7, wh cach vrs weg 8 
subset of Nups for degradation or sele 
don, Dismpton of NPCs shews the efficacy 
‘of individual transport receptors to favor traffick- 
ing of viral components. For example, influenza 
vinus selectively inhibits the mRNA export fc- 
tors mNXM-Nxtl (Fig. 3D), mRael Gle2, and 
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mEIB-APS, and also down-reyulates: mNup0 
(Fig. 36) (70), Cellular mRNA export requires 
these export factors and a specific binding site on 
mNupOS, and thus is effectively disrupted. How- 
ever, as viral RNA export is not dependent on 
these host mRNA export factors or bindit 
sites, itis unaffected, as summarized in (70). This 
viral mechanism is in direct competition with 
interferon-y- mediated up-regulation of mNup9 
(7). Uhimately, the balance between mNup® 
Induction and degradation aflvets the cellular 
‘outcome of the viral infection (70) 

In addition to changes in Nup association 
affecting the translocation of specific receptors 
and the permeability barier, the physical shape 
of NPCs might also be linked to transport regu- 
lation. Electron microscopy studies have found 
that NPCS vary in diameter and structure (72-75) 
However, itis unclear whether these different 
structures represent assembly intermediates, 
subsets of NPCs with specific functio 


ogradation 


Fig. 3. Regulation of nucleocytoplasmic trafficking is dynamic and diverse. (A) Intermolecular and intra~ 
molecular interactions (NF-<B or p53, respectively) regulate trafficking of single cargoes. (B) Transport of 
individual cargoes is requlated by posttranslational modifications (ubiquitination of UbcM2) and posttranscriptional 
‘modifications (mRNA splicing). (C) Expression patterns of transport receptors alters cargo translocation. The 
expression of Kapa subtypes dictates which cargoes (color-coded hexagons) are imported. (D) Influenza virus 
sequesters the mRNA export receptor mNxf1-Nxt1, inhibiting cellular mRNA export. (E) NPC composition 
broadly affects transport. Influenza virus down-regulates mNup98, thus removing a key binding site for cellular 
MRNA export factors. (F) The NPC permeability barrier blocks free diffusion of large molecules (>40 KD or ~8 nm); 
smaller molecules move through independent of a transport receptor. 
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‘or consequences of specimen preparation. De- 
spite a central aqueous channel diameter of 10 
nim (J0), the NPC efficiently wansports lange 
cargoes such as ~1 to 3 MD (-25 nm diameter) 
ribosomal subunits and proteasomal precursors 
(U9, 76), Anificial substrates. up 10 39 nm in 
diameter, such as transport recepor-coated gold 
particles, can also be translocated (9), Intewest- 
ingly, the x-ray crystal structures of mNup3S 
and mNups indicate that these two Nups might 
slide along. their common a-helical interaction 
surface (77), The imeraction surface has the 
Potential to shit by ~11 A. Moreover, with both 
mNupS8 and mNup$S located in the central 
NPC channel, circumferential Nup sliding is 
uated t0 potentially inerease the NPC 
diameter by up to ~30 A, which might function 
to either regukite oF accommodate kirge cango 
translocation, The biophysical impact of this 
sliding on the interactions between other Nups 
is unclear, as ane the mechanisms that could 
instigate these changes, Overall, there are 
multiple mechanisms by which changes to the 
NPC composition could brexidly affect transport 
‘eapueity and pore structure, 


Next Steps in Understanding 
Transport Regulation 
We have outlined the importance of regulated 
hucteoeytoplasmic trafticking and have dis- 
cussed how contol is accomplished at multiple 
levels (Fig. 2). However, there are unanswered 
‘questions at each fevel, At the most fundamental 
stage, continued investigation is needed to further 
delineate the basic transport machinery. All the 
receptors used by various cellular eangoes and the 
precise signal sequences recognized are sill not 
fully identified. Adding to the complexity, a 
single receptor ean bind more than one signal 
motif without a readily identifiable primary con 
sensu sequence (78). Wealso do not completely 
know how compler cargo mokecules such as 
MRNPS are selected for targeting to the NPC 
though coupled maturation and quality contro! 
steps (/9), Elucidating these cango signals and 
how they are recognized by specific transport 
receptors will require multiisciplinary bioinfor- 
matic, structural, and cell biological approaches. 
e cargoes and receptors are prime targets 
lation, this information could provide 
insight into a broad range of biological processes. 
Given the hierarchical role of the NPC as the 
sole portal for nuckocytoplasmie exchange. 
understanding the NPC translocation mechanism 
isa priority. Specifically, studies are needed to 
resolve the biophysical nature ofthe permeability 
barrier and explain how translocation procesds 
through this barrier (Fig, 3F) This will also 
require models that accommodate all the docu- 
mented active and diffusive transport capacities 
of the NPC, as well as considerations of how 
interactions within and among cangoes, transport 
receptors, and Nups alfect the stability of the 
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NPC barrier. With this knowledge in hand, the 
field could make rational predictions and conduct 
tests for how transport would be affected by 
changes in Nup composition during viral infec- 
tion, cell eyele transitions, signaling cascades, or 
cell differentiation. 

There are clearly emenging examples of bio- 
logical conditions under which cells broadly alter 
nuclear transport. This includes the interferon- 
‘y- mediated up-regulation of mNup98, the cell 
eycle control of yNupS3. and the change in 
cargo trafficking during neural stem cell differ- 
centiation (48, 61, 72). However, many of the 
mmcchanisms by which this oceurs are not well 
defined. For example, itis not fully understood 
hhow heat shock- induced mRNA is preferentially 
exported under stress conditions in S. cerevisiae 
[as summarized in (79)], Future studies of cell 
fate determination and development will reveal 
the prevalence of spatiotemporal regulation of 
transport receptor, adaptor, and Nup levels and 
the cargoes whose traflicking is affected. A 
further challenge is to integrate knowledge of 
this mulkiticred, hierarchical regulatory scheme 
involving cargoes, transport receptors, and the 
NPC into global systems biology perspective of | 
the coordination of cellular responses to intemal 
and extemal stimuli 
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Plants Tolerant of High Boron Levels 


Kyoko Miwa,* Junpei Takan 
Kazuo Shinozaki,” Toru Fujiwara’ 


id animals, but in 


= Hiroyuki Omori,’ Motoaki Seki,” 


Information Resource code Atly15460 and 


Baeeconttecn for plants We focused on ABORS (The Arabidopsis 


istoxic, Livingo 


nisms, including plants, GenBank code NM_101415), one of the six 


‘must control the B distribution to maintain ade- BOR paralogs present in the A. thaliana 


{quate levels of B in their cells. Reduced crop qual- genome. B 
n soils containing toxic evelsof B_ BOR4- green Muoresce 
1a workdwide problem in food production, es were confirmed in yeast (fig. SI), We generated 


i 
pecially in arid areas (/). 
By manipulating B trans- 
port, we have generated 
plants that are tolerant of 
high levels of B. 

B accumulation occurs 
both naturally and through 
artiticial means such as 
innigation. About five mil- 
tion ha of soils containing 
igeater than IS mg ke" B, 
above the threshold for 
growth, exist 


i yiekls 


comeponging 10 30 
the region ovww.dwibe 
sa.gov.aw/land/topiey 
rootaone boron htm), Up 
to 17% of the barley yiekd 
Jos in this area Was esti 
imate! to be caused! by B 
toxicity (2). B-tolerant 
cultivars with reduced B 
Uptake are known for 
barley (3), but breeding 
programs have not yet 
produce a practical sole 
tion for B toler 

Arabidopsis. thaliana 
BORI, an effluy-type bo- 
rate transporter, was the 
fist B transporter identi- 
fied ina biological system, 
(A). BORL is requited for 
the transport of B. trom 
roots to shoots under con- 
ditions of low B supply. 
BORL is capable of con- 
forring high B tolerance 
to yeast by pumping bo- 
ric acid out of the cel 
However, in plants under 
high B conditions, BOR | 
is degraded via endo- 
eytosis (5), and overex- 
pression of BOR/ docs 
not improve plant growth 
in the presence of toxic 
levels of B (6) 


nsport activities of BOR4 and 
protein (GFP) fusion 


A -B +B +B 
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Fig. 1. Improved growth in transgenic A. thaliana plants overproducing 
BOR4 under conditions of boron toxicty. (A) Immunoblot analysis of 
transgenic plant line 4 carrying Pro355-BORS-GFP. Plants were exposed to 
0.1 Mt (-B), 30 4M (+8), or 3 mMl (+48) boric acid for 3 days, and root 
microsomal proteins were subjected to immunoblotting with an antibody 
against GFP. (B) Transgenic plants grown for 17 days on solid medium 
containing 10 mM boric acid. Scale bar indicates 10 mm. (Inset) An 
enlargement of the wild-type plant (scale bar, 1 mm). WT, witd-type Col; 
14,15, L12, transgenic tines 4, 5, and 12, respectively, carying the Pro35s- 
‘BOR4-GFP construc. (C) Total B concentrations in shoots and roots. Plants 
‘were grown on solid medium containing 3 mt boric acid for 18 days. Means 
SD are shown (n =5 to 6). Asterisks indicate significant difference (P< 
(0.001) by Student's test. DW, dry weight. (D) GFP fluorescence in roots of 
transgenic plants carying the ProBORS-BOR4-GFP construct. Plants were 
grown on solid medium containing 30 Mt boric acid for 10 days. Scale bars, 
25 um (left) and 100 ym (right. The left-hand image isa magnified view of 
the area inside the box in the right-hand image. 


seven independent transgenic A. thaliana lines 
producing the BOR4-GFP fusion under the con- 
‘vol of cauliflower mostic virus 358 RNA promoter. 

Immunoblot analysis of a generated trans- 
genic line showed that BOR4 accumulated in the 
presence of high B supply (Fig. 1A), suggesting 
that BOR4 is exempt from the posttranslational 
BORI degradatio 

The supply of 10 mM boric acid was sub- 
stantially lethal to wild-type plants, but much more 
Vigorous root and shoot growth with varying 
degioes was observed in all the homozygous 
Pru3SS-BOR4-GFP transgenic lines grown on 
solid medium containing 10 mM boric acid 
(Fig. 1B and fig. $2). Accumulation of BOR4- 
GFP and tolerance of B were positively corte: 
Inted (fig. $2). The B concentrations in the roots 
and shoots of these transgenic plant lines were 
Jower than that in th 
3 mM boric acid (Fig, 1C), Overall acer B 
Uptake was also reduced in the transgenic line 4 
(fig. $3), These results suggest that the avempro- 
duction of BOR4-GEP improved growth under 
conditions of B toxicity through B efllus. 

Furth GFP fluoresce 
BOR4-GFP was strongly detected i 
membranes of the distal sides of epidermal cells 
ngation zone of roots of the transgenic 
es carrying ProBOR4-BORS-GFP (Fig. 1D), 


ve derived from 


or the directional export of B from the wots 
soil to prevent the accu 
xylem and growing cells, This enh 
from the roots of crop plants is expected tore 
in improved crop productivity in the Betoxic soils 
found in a number of regions of the work, 
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A £-Defensin Mutation Causes 
Black Coat Color in Domestic Dogs 
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RS' SUMMARY 


he marked spectrum of coker 
"Toone tt 

we sce in mximmabs arses, ne 
‘expectedly, fom variation in the quan 
tity, quality, and regicnal dlstribution 
Cf just two types of pigment black 
Jain and yellow pheomekanin. 
The appeal of unnsual coat colors and 
pattems has motivated their sektion 
n domestic animals, providing enet- 
feist with a model for studying gone 
action and interaction that began a 
‘century ago and continues txt. Most 


genome and recognition that the 
distinctive yenetic structure of dog 
breeds allows for efficient yene map- 
ping (3). Dogs were domesticated 
fram wolves more than 15,000 years 
andl expanded into a diverse py 
ution until the revent establishment 
‘of dog broeds. This population history 
is welksuited foe high-resolution go- 
nts mapping of old tas, like black 
‘coat coor, that are found in multiple 
modem breeds, Using a combina- 
tion of pedigree analysis and asso- 


fof the work fas been camied 0 ciation studies within and among 
laboratory mice, where studies of mane dog breeds, we identified muta- 
than 10 deren coat-color mutations tion in a B-defensin gene, CBDI03, 
have provided insight imo stem cell a correlates with black coat color 
biology chair graying), biogenesis of 38 different breeds, We confirmed 


invacelular onganelles (pigmentary d- 
Jation), and homnenceceptor inka 
tions (witching between the synthesis 
‘of eumelanin and pheomcknin). 

The latler processes 
Kenn as pigment “typesvitching” 
is controlled primarily by the mebno- 
contin system, in which a family of C 
protcin-coupked receptors (identified 
by vittue of their response toc 
melanoeyte stimulating hormone or 
adrenocorticotrophic hormone) has Mele, kaing to an upxtiod mod of 
ben implicated! not any in pigments the pigment type-switching_ pathway 
tion but ako in cortisol production, Production of yellow vesus back pigment in dogs és controled by three genes: (sxe figure} Moreover, stuiss with 
bry weight regulation and exocrine Mtr, Agout, and CBO103. Dogs carrying wi-ype alleles forall three eneshave —andhor xkinsin arn! additional meo- 
thin sccnion, In mast mamma, pie 2 Yellow coat resulting from Agouti antagonism of Mr signaling in melanortes —Lanocortin wogprs reveal the pos 
nent typesiching is contolled by (relow Great Dane, top). Dogs carrying alss-ofunction mutation at MIrhavea til for extensive eroswtalk between 
two gems the Molanrcortin J rcp Yellow coat, regardless of ther genotype at Agut ot CBD103 (yellow Labrador j.dcfonsins and the mlanocotn sy 
tor (Melr) and Agouti, which encode Retrieves, middle). Dogs carrying wild-type alleles for Mic1r and Agout, together jon, in humans and other animals, [+ 
a seven tansnembane domain ro. With the dominant black allele of (20103 have a black coatresuiting om the gcfsins axe highly polymorphic in 
ceptor and its extracellular ligand, interaction between 3 f-defensin and Miclr (black Curly Coated Retriever, bottom). sume and copy mum Cun 
respectively, Indeed, our cument understand defensin research is focused primarily on the immune system. This stems 
from the identi from the early discovery of defensins in phagocytic cells and their anti 
recess yellow and Agoudi mutations as the cause of lel yell microbial properties in vitro, together with more recent. work demonstat- 

Clarence Cook Litt, who developed many of the original laboratory ing that defensins can act as receptor-specific chemotactic agents. Our 
mouse stains and founded The Jackson Laboratory, was also one of the fing work indicates that defensins do more than defend and sugeests thatthe 
dog geneticists He recognized that dominart inheritance of black coat was marked molecular variation in this family supplies a diverse and rapidly 
mediated differently in dogs than in other animals (1), Using chssical linkage evolving family of ligands for G protein-coupled receptors in-many 
amilysis, we realized that the dominint Hack gene represented a previously different biologie systems. 
nized component of the melanocortin pathway (2 Unexpectedly. we 
found the responsible gene to encode a Prdefersin, a secreted protein 
pot kd tri ninmaty EE 

The identification of dominans black (formally. an alld of the “K locus") > J A ker ete Gents 196, 1679 007) une 
relied on two major advances in dog genetics: the sequencing of the dow 3. X LndbsdToh @ a, Notre 438, 603 (2005. 


the role of CBD/03 in pigment type- 
switching by demonsrating. that the 
doggone causes a black coat in 
transgenic mice. CBDIO3 is a mens 
ber of a lange family of secreted pep 
tides with structures similar to that 
‘of Agout and is highly expressed 
in dog skin 

We ust biochemical and cel 
used asiys to show thit CBDIO3, 
like Agouti binds competitively 10 the 


aly 


melanoeostin biol 


ation in hiborory mice of Me/r mutations as the 
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Genetic analysis of mammatian color variation has provided fundamental insight into 
human biology and disease. In most vertebrates, two key genes, Agouti and Melanocortin 
1 receptor (Mc1n), encode a ligand-receptor system that controls pigment type-switching, but 
in domestic dogs, a third gene is implicated, the K locus, whose genetic characteristics predict 
4 previously unrecognized component of the melanocortin pathway. We identify the K locus as 
B-defensin 103 (CBD103) and show that its protein product binds with high affinity to the 
‘Mc1r and has a simple and strong effect on pigment type-switching in domestic dogs and 
transgenic mice. These results expand the functional role of fi-defensins, a protein family 


previously im 
signaling through melanocortin receptors. 


ti analysis of model systems in Iab- 

‘m6 Lio about mar ignallg pate 
\ways in multicellular organisms. In- mammals, 
‘coal-color mutations have proven especialy frit- 
ful, because much of the molecular machinery 
used by the pigmentary system is either shared 
by, oF homologous to, genes used for other phys 
iologic pathways (/). 

‘This approach has been particularly useful 
for pigment “type-switehing,” a phenomenon 
in which melanocytes synthesize eumelanin (a 
black or brown pigment) versus phcomelanin 
{a rod oF yellow pigment), depending on the 
phase of the hair growth eyek, position on the 
body, and the genotype of several key loci (2) 
In most mammals, two genes that control pig 
ment type-switching have been reeagnized: the 
Met, which encodes a seven transmembrane 
spanning domain protein expressed on melano~ 
feytes GF-5), and gout, which encodes a ligand 
for the Metr that is secreted by specialized 
dermal cells and which inhibits Metr signaling 
(6-9), Mer activation causes exclusive proguc- 
tion of eumelanin, whereas Metr inhibition 
causes exclusive production of pheomelanin 
(5, 10). Thus, gain-of-function Me/? mutations 
‘cause dominant inheritance of a black coat, 
whereas. gain-of-function Agouti mutations 
cause dominant inheritance of a yellow coat 
The Meir was first recognized by virtue of 
its ability to respond to peptides: derived 
from proopiomelanocortin (POMC), such as 
‘a-melanoeyte-stimulating hormone (a-MSH) 
(3. 4 however, a null mutation of Pome: has 
no effect on pigmentation in CS7BLI6 mice, 
Teadiny to the suggestion that the Met has high 
basal activity and/or additional stimulatory 
ligands (1), 
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jcated in innate immunity, and identify an additional class of ligands for 


In a classic series of papers in the early 
1900s, Sewall Wright (/2) concluded th 
genetic mechanisms for color variation were 
langely conserved across mammals. An ex- 
ception, however, later became apparent from 
the work of Clarence Cook Little on domest 
dogs (13), in which dominant inberitance of a 
black coat was shown 10 involve a locus 
istinet from Med. At the time, Little posited 
that dominant black was caused by an unusual 
allele of Agoufi; however, using molecular 
linkage analysis, we recently demonstrated the 
presence of a thind gene in dogs that interact 
with Agouti and MeTr, which we named the 
locus (14), We found that the K locus has 
throe alleles with a simple dominance onder 
[Black (K")> brindle (X" ) > yellow (k?)), that 
the K locus and Agouti behave similarly 
‘genetic interaction studies (Med is epistatic 
both K and Agouti), and that the genetic map 
position of K does not correspond to the pre 
dicted location of any previously known 
pigmentation gene. We use the distinctive 
evolutionary history of domestic dogs to show 
that the K locus encodes a previously 
unrecognized class of melanocortin receptor 
Higands. 

Linkage and association mapping of the K 
locus. We showed previously that the A” 
mutation mapped to a 12-Mb interval on the 
distal end of dog chromosome 16 (CFA16), 
between markers REN292N24 and FH3S92 
(14). We ascertained additional kindreds 
segregating K®. k", and k¥ to refine the map 
location [sce supporting online material 
(SOM) text] and defined ovedapping critical 
regions of 3.8 and 7.6 Mb for the A” and k” 
mutations, respectively (Fig. 1A and figs. SI 
to Sd), 

We used an association-based strategy 10 
harrow the critical region, Because most 
breeds were derived in the past 200 years 
from small founding populations (/5}, muta- 
tions within a breed are expected to be 
identical by descent and share extended 
haplotypes. In Boxers and Great Danes, we 
identified broad peaks of significant associa- 
tion (Bonferroni-corrected P value < 0.08) 
that extended over 1.9 Mb and 320 kb, 
respectively (Fig. 1, B 10 D), Sixteen genes 
have been annotated to the region of sig- 
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nificant association in Great Danes, including 
a gene cluster that encodes 12 frdefensins 
(Z6y; small antimicrobial peptides that are 
secreted mainly by epithelial cells (17, 18). 
We sequenced the mature protein-coding 
regions for nine members of the Pedefensin 
cluster (those known at the time) in dogs 
carrying K* and/or k” and identified several 
polymorphisms concordant with the &* allele, 
including a 3-base pair (bp) deletion in the 
second exon of CBDI03, the onholog of 
human DEFBI03, that predicts an in-frame 
lycine deletion (AG23), 

To evaluate the extent to which the AG23 
polymorphism distinguishes K” versus k” 
more broadly, we examined dogs from 38 
breeds that could be classified into two 
categories with regard to their putative K 
locus genotype (SOM text). Among 454 dogs, 
there were 13 cases where the AG23 po 
morphism didnot correlate with coat-color 
phenotype. However, sequencing of Agoutl 
and Me/r revealed that each discordant case 
could be explained by known epistatic inter= 
actions (9%, 20) (table $3). These results 
i K™ alleles in all breeds are 
probably identical by descent and sugwest that 
the AG23 polymomphism or a closely linked 
variant incomplete linkage disequilibrium 
(LD) is the A mutation, 

Short-range haplotype and resequencing 
analysis of K*-bearing chromosomes, By 
contrast to the pattem of LD within broeds, 
‘which affords a powerful approach for asso- 
ciation mapping with megabase resolution, the 
pattem of LD across breeds is more fine- 
svained and therefore provides the opportunity 
for high-resolution haplotype mapping when 
‘mutations in different breeds are identical by 
descent (27). We identified 28 polymorphisms 
[22 single-nuclcotide polymorphisms (SNPs) 
and six indels including the 4G23 polymor- 
phism] in a 20-kb interval surrounding 
CBD103 that were then used to infer short- 
range haplotypes for 14 A“-bearing and 16 
‘bearing chromosomes selected from seven 
breeds (SOM text), We observed six “paren- 
tal” &*-bearing and five “parental” K®-bearing 
chromosomes (depicted in yellow and blu, 
respectively, in Fig. 2A), We also identified 
ight chromosomes that carried a single 
ancestral recombination event, which together 
defined a maximal interval for K® of 9146 bp 
(Fig. 2A). Complete resequencing of this 
interval (except for three homopolymer tracts) 
in five &/4? animals, one KA? animal, and 
four KY/A® animals from seven breeds re- 
vealed two polymorphisms besides AG23 that 
are perfectly concordant with A’ locus. geno- 
type (S104 and $105) (Fig. 2A and table S2), 

‘The 9146-bp interval contains both exons 
of CBD103, the first exon of dog expressed 
sequence tag (EST) CX990240, and dog EST 
(€0665262 (Fig. 2). However, several consid- 
erations indicate that CBD/03 is, indeed, the 
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deletion in 
CBDIOS is the st, the other 
two transcribed elements in the critical inter- 
val are represented in the database by single 
ESTs and are not known to encode proteins or 
to be expressed in the skin, Second, STO4 and 
105 fie ina long terminal repeat element that 
is 3 kb upstream of the first exon of CBDI03 
and have no effect on mRNA levels of 
CBD103 (Fig. 3A). Finally, as discussed 
further below, CBDI03 is highly expressed 
in skin, the AG23 deletion affects CBD103 
protein function, and pharmacologic studies 
reveal that CBD103 can modulate melanocor- 
tin signaling 

‘The preceding discussion has referred to K 
locus. variation as though & is ancestral, 
whereas A” is derived: a hypothesis based on 
the comparative genetic distribution of coat- 
color phenotypes and inheritance patterns. 
Considerations based on sequence alignments 
‘confirm this hypothesis: Mammalian CBD/03 
‘orthologs that we identified from the available 
‘genome sequenice are each 67 amino acids in 
length, and the optimal sequence similarity 
‘alignment contains no gaps or insertions (Fig 
2B), indicating that AG23 and consequently 
the A“ mutation occurred specifically within 
the anid lineage. 

Expression of dog defensins in skin and 
in transfected keratinocytes. We isolated 
RNA fiom the skin of a 974% Doberman 
Pinscher and a KA” mixed-breed dog and 
surveyed the expression of the 19 defensin 
izenes that are clustered on chromosomes 16 
‘or 25 by reverse transcription polymerase 
chain reaction (RT-PCR) (/6). Expression 
was detectable only for wo genes: CBDI 
sand CBD103 (tig. S6). We then used quanti- 
tative RT-PCR to measure levels of skin mRNA 
from four KYA samples and four 4?/k 
samples, which were all from mixed-breed 
dogs, and found no elect of &’ locus genotype 
‘on levels of CBDI, CBDI03, oF Agouti mRNA 
(Fig. 34), 

‘Available antisera against human DEFBIO3 
are unable to detect the endogenous dow protein 
by Western blotting or immunohistochemistry: 
therefore, we generated epitopetagged expres 
sion constructs for each allele (CBDIO3VS and 
‘CBD103AG23VS) and studied their pattems anxl 
levels of protein expression after transfection of 
‘cultured mouse keratinocytes, 

In cell extracts analyzed by Westem 
blotting, antisera against the VS epitope detect 
1 single fragment whose size (about § KD) 
corresponds to the expected molecular mass 
fof the tagged protein after signal peptide 
cleav: |, an additional slightly 
present, which suggests 
additional processing (Fig. 3B). The relative 
ratios of the two bands are similar in media 
from keratinocytes transfected with either 
construct; however, the total amount of 
immunodetectable protein in media was sig- 
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nificantly greater for CBD103AG23V5 as 
compared with that for CBDIO3VS (P = 
0.0021, Cochran-Mantel-Hacnszel chi-square 
lest). Thus, loss of the N-terminal glycine 
from CBD103 docs not afleet intracellular 
processing but allows more of the mature 
protein to accumulate in the media and/or 
extracellular spice 

€BD103 activity in vivo and in vitro. To 
further explore the function of CBD103 in an 
experimental genetic system, we generated 
transgenic mice in which a cDNA encoding 
either the A" or the &” allele was driven by a 
strong and widely expressed promoter (22). 
We chose a genetic background that normally 


has Agouti-handed hairs and observed that 
two transgenic founders generated with the 
CBD1038G23 cDNA (the K* allele) dis 
played a predominantly black coat with small 
patches of banded hair (Fig. 4). Unexpectedly, 
the normal CBDI03 cDNA (the & allele) also 
produced transgenic mice with a black coat 
in 20 out of 21 founders (Fig. 4), Further- 
more, we observed that transgenic animals 
‘were smaller than their nontransgenic litter- 
mates. By 2 weeks of age, female transgenic 
animals were easily reeognized by their dark 
coat and small size: in adult mice, reduced 
body weight persists in both males and fe 
(ig. $7). 


A p ui 1): 12 Mb " 
s4_Linkage (phase 2):3.8M>_—_ 


a5a 
sn 34 
sss 5555 
CFAIS t t A ‘ i 
it 
(e031 Mb) 
Boxers: brindle vs. yellow EZZZZZZZZZ |, Regions of significant 
Great Danes: black vs. yellow | A ‘association (p < 0.08) 


Fig. 1. Genetic mapping of the K locus. (A) Initial linkage studies [phase 1, (14)] defined a 12-Mb 
<ritical region for K®; ascertainment and characterization of additional kindreds narrowed the interval to 
3.8 Mb (phase 2, figs. S1 to $4). Association analysis for 60 markers in brindle (n = 12) versus yellow 


(n = 10) Boxers, and for 51. markers in black 


9) versus yellow (n = 10) Great Danes, was carried 


‘out as described in the text. (B) Candidate genes in the 320-kb region of greatest association in Great 
Danes; this region includes 12 (defensin genes (shown in red). (C and D) Significance, plotted as 
“log of P values from a chi-square test of allele counts, is shown as a function of distance along 
CFAL6 (only for SNPS present at greater than 10% frequency and genotyped in at least 75% of the 
samples). The dashed red line indicates a Bonferroni-corrected 5% significance level: these regions 
are indicated by hatched and black bars for Boxers and Great Danes, respectively, in (A). Annotation 


is based on the Non-dog RefSeq track in the UCSC Genome Browser, except for CBD102, i 


by Patil et al. (26). 


fentified 


wwww.sciencemag.org 


‘These considerations suggest three possible 
mechanisms by which CBDIO3 
modulate melanocortin signaling: (i) by binding 
to and acti binding to the 
Melr and preventing its inhibition by Agouti 
protein, or (ii) by binding to Agoutt protein 


synthetic forms of CBD103 and tested their 
ability to interact with the Metr and agouti sig- 
naling protein-YY (ASIP-YY), a synthetic 
version of the © terminus of Agouti_ protein 
that behaves as 3 competitive antagonist of 
-MSH at the Metr and Me4r (2 


A 


Distance from 
‘G23 (bp) 


The CBD103 k¥ allele predicts «mat 
peptide (afer signal sequence cleavage) of 4S 
amino acids that contains six cysteine residues 
and begins with the glycine that is deleted 
the A® allele (Fig. 2B), The predicted signal 
sequence cleavage site is supported by 
biochemical studies of the orthologous human 
protein known as DEFBIO3 or human 
defensin 3 (HBD3)] purified from human 
tissues (24). We synthesized the 45-residue 
2° form and 44-residue K® form of the dog 
protein (hence referred to as CBDIO3 and 
CBDIO3AG23, respectively), allowed oxida- 
tive refolding, and uscd mass spectrometry 
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MRLHYLLFVFLILPLVPAPGDAFLPKTLRKPFCRIRGGRCAVLNCLGKEEQI . 
MRIHYLLPALLPLPLVPVPGHGGT INTLOKYYCRVRGGRCAVLSCLPREEQI 


if 


en 
i 
i 


Lest 
i Coppsz62 


wgaotes 
_= 


Chinchilla MRIHYLLFAVLFLPLMPVPGEGGI INTIQRYFCRVRGGRCAALTCLPRETOI . .. 


‘Cow MRLYYLLFALLPLPLLPVPGNGGT ISGLORYYCKIRSGRCALIGCLPKEEQI « 
Pig MRIHYLLPALLPLPLMPLPGNGRI INTLQRYYCKIRRGRCAVLGCLPKEEQI . 


Opossum RIHYLLFFFFFLFLVPAPGESWLLERINNMYCKVROGRCRFIRCTSKEENT.. - 


Dog MRIYYLLLLLPLLFLMPVPGNGGI INTLORYYCRIRSGRCALLSCLPKEEQI - 
——___—__—_—+ 
G23 


signal sequence 


Fig. 2. Resequencing and recombinant haplotype-based mutation analysis for K*-bearing versus k?- 
bearing chromosomes. (A) A 20-kb region surrounding CBDI03AG23 was resequenced (except for 
repetitive regions) in 10 dogs from 7 breeds, and haplotypes were inferred for 28 high-frequency 
bialleic polymorphisms. Blue and yellow squares represent the major and minor alleles in K' * being 


chromosomes, respectively, and allow some haplotypes to be designated as “K 
as indicated. White squares represent missing data. Genotypes 


parental,” or “proximal recombinant,” 


for five Great Danes (denoted by asterisks) were determined in a second resequencing round targeted 
specifically fr distal recombinants as described in the SOM text. Within the 9.1-kbinteryal defined by 
recombinant haplotype analysis, three polymorphisms are completely associated with K® versus kY, a5. 
indicated in the upper part ofthe figure. (B) Exon structure of transcripts within the maximal candidate 
interval and alignment of selected CBD103 orthologs (38). 
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gh-performance liquid chromatography 
to confirm recovery of a single congener with 
three intrachain disulfide bonds. 

[Nlc*, -Phe” a-MSH_(NDP-MSH), 
potent derivative of a-MSH, stimulates robust 
accumulation of cyclic adenosine monophos- 
phate (cAMP) in melanocytes (25), However, 
neither CBD103 nor CBDI03AG23 has any 
effect on cAMP accumulation (Fig. SA), in. 
dicating that CBD103 is not a conventional 
wgonist. To test for receptor bind 


cells with Metr expression 
constructs (22) and used curopium-labeled 
NDP-MSH (Eu-NDP-MSH) as a fluorescent 
tracer, We used saturation binding assays t0 first 
calculate the affinity of Eu-NDP-MSH for the 
dog Melr (Fig. $B) and then carried out dis- 
placement assays with progressively increasing 
concentrations of CBD103, CBD1034G23, or 
ASIP-YY. All three peptides exhibited qui 
tatively similar profiles chartcteristie for com. 
Ietitive binding to a single high-affinity site 
(Fig, SC and Table 1), Quantitatively, inhibi- 
tion constant (Ki) values estimated from the 
data depicted in Fig. SC were 150.6 nM for 
CBDIO3 and 34.2 nM for CBDI03AG23, 
These estimates varied acconding to experi- 
mental conditions, but CBD103AC 
consistently exhibited higher affinity for the 
dog Melr than did CBD103 (mean of fivefold 
across four paired experiments: Table 1). In 
these same experiments, ASIP-YY exhibited 
K; values of 0.51 16 0.95 nM for the dog Mel, 
in the same range wed previously for 
ASIP-YY at the human Mel (23), Using quan 
titative RT-PCR, we found that the levels of 
CBDI03 wRNA in total skin were ~300-fold 
greater than that of Agouti mRNA; t0 the ex 
tent that this difference reflects protein abun. 
dance, the levels of CBDI03AG23 in dog skin 
are likely to be much greater than those of 
Agouti protein, which is consistent with 

model in which CBDIO34G23 competitively 
inhibits the ability of Agouti protein to antag. 
nize Melt si 


Finally, we investigated a pot inter- 
action between Agouti protein and CBD103 
by preincubating ASIP-YY with cither 


CBD103 or CBD103AG23 before the binding 
assay, and we found no evid 
functional interaction (fig. $8). We also 
examined the effects of mixing the wo 
etic 
resonance spectra and found no evidence for a 
tion. Taken topsther, these 


and forthe Mel and thatthe AG23 
use a black coat color in dogs 
increased 


of the mature protein in vivo. 

Other mammals, other melanocortin re- 
ceptors, and other defensins. Dogs are the 
only mammals known for which dominant 
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Fig. 3. Expression of -defensin mRNA and protein in skin and in cultured keratinocytes. (A) Levels 
‘of Agouti, CBD2, or CBD103 mRNA from black or yellow dog skin, as indicated, determined relative 
to Bactin by quantitative RT-PCR, and expressed as percentage of mRNA present in the yellow 
samples, Results shown represent the mean + SEM of four different animals. (B) Expression of 
epitope (V5)-tagged CBD103 (+) or epitope (V5)-tagged CBD103AG23 (AG23) in cell ayer and 
media after transfection of mouse keratinocytes as determined by Western blotting with antisera 
against the V5 epitope. Representative results are shown for one of four experiments; for each 
‘experiment, the two constructs were transfected in triplicate or quadruplicate, 


Table 1. Affinity constants for melanocortin receptor ligands. In the column for Eu-NOP-MSH, 
saturation binding assays as depicted in Fig. 5B were used to derive dissociation constant (Ka) 
values (in nM) by fitting the data to a hyperbolic dose-response curve with the use of nonlinear 
regression. In the remaining columns, displacement binding assays as depicted in Fig. 5, C to F, 
were used to derive Kj values (in nM) by fitting the data to a sigmoidal dose-response curve with 
variable slope. For some ligand-receptor combinations, multiple experiments were carried out, in 
which case the mean Kj value is given followed by the range and number (in parentheses) of the 
separate experiments. ND, not determined, 


1422 


Receptor Eu-NDP-MSH _ASIP-YY 801034623 c80103__ 801 HBD3 
Dog Mtr 0.70 0.59 (0.51-0.95) 37.0 (16.4-61.1) 221.0 (150.6-398.7) ND ND 
=3) n=5) (=a) 
Mouse Mair 1. 2.30 15.1 124-17.) 9.7 (8.9-10.4) ND ND 
=a) =d 
Human Metr 2.59 0.95 19.6 (12.3-26.8) 355 300 13.8 
=2 
Human Me@r 3.17 0.82 1045 ND ND _ND 
inheritance of black coat color is not caused human defensin 1 (BDI), which fies in 


by a Me/r mutation, However, we observed 
that both CBDIO3 and CBDIO3AG23 are 
high-aftinity ligands for the mouse (Fiz. SD) 
and the human (Fig. SE) Met, with estimated 
A; values that were, unexpectedly, lower than 
that observed at the dog Melr (Table 1), 
Furthermore, unlike at the dog Melr, the 
affinity of CBD103 as compared to that of 
CBD103AG23 was similar at both the mouse 
and the human Melr (Table 1), which may 
explain why expression of cither allele caused 
aa black coat in transgenic mice (Fig. 4). 
Given the effects of the CBDI03 trans- 
genes on body size, we investigated the 
potential for cross-talk between Brdefensins 
and other melanocortin receptors. We found 
that CBD1034G23 binds to the human Metr 
intermediate affinity (Ki = 104.5 nM) 
between that of CBDIO3\G23 and CBD103 
for the dog Melr (Table 1 and Fig. SE) W 
also synthesized HBD3, the human ortholog 
‘of canine CBDL03, and observed high-affinity 
binding (Ki = 13.8 nM) to the human Meir 
(Table 1 and Fig. SF), Finally, we tested 
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the same cluster as HBD3 but is more 
distantly related; HBDI also exhibited high- 
affinity binding to the human Metr (Kj = 30 
nM) (Table I and Fig. SF). 

Defensins and metanocortin signating. 
Bedefensin genes exhibit strong signatures of 
diversifying selection (26, 27). which is 
consistent with their proposed role as en- 
dogenous antibiotics. Confirming and study- 
ing this cole in vive, however, have been 
challenging: the results of mouse knockout 
experiments have been reported for only one 
gene, Defh]. and revealed no obvious effects 
fon viability or innate defense (28). By 
contrast, the CBD103 K® mutation causes a 
marked change in hair color that is readily 
apparent among a lange number of dog breeds 
with diverse genetic backgrounds. We propose 
that B-defensin genes play a broader roke than 
currently envisaged, in which the ability 10 
modulate melanocortin receptor signaling may 
have been selected during vertebrate evolution 
to provide camouflage and/or adaptive visual 
cues. From this perspective, evolutionary 


Fig. 4. Pigmentary effects of CBD103 in transgenic 
mice. Photographs of transgenic (Ig) and non 
transgenic littermates, representative of 2/2 inde- 
pendent founders for Tg.CBD103AG23 and 20/21 
‘independent founders for To.CBD103, 


Lability of the feefensins with regard wo both 
diversifying selection and copy number vari- 
ation (26, 27, 29) may represent a response 10 
shifting spectrum of environmental challenges 
that includes microbial pathogens, camivorous 
predators, and nutrient availabilty. Mowe yenet= 
ally. our biochemical studies indicate that a Kast 
‘wo human frdefensins, HBDI and HBD3, may 
also modulate melanocontin receptor signaling in 
vivo. Both genes are expressed by a broad range 
of epithelial and other tissues (8) and could 
therefore act not only on Metr but also on other 
melanocortin receptors, 


not yet been identified. The range of Kj values 
that we observed suggests that CBDIO3AG23, 
and potentially HBDI or HBD3, modulate 
pigmentation in the low nanomolar 
however, the antimicrobial effects of fle 
are typically observed inthe low micromolar 
(30), Finally, several fedetensins promote 
chemotaxis of immune cells, and although there 
is controversy regarding which receptors are 
involved, there is a growing consensus that 
defensins contribute to adaptive as well as to 
c immunity (31-33), From this perspective, 
several studies have pointed to a role for Mel 
Signaling in immune cell function (34), which 
could be mediated by Brdefensins acting as 
‘melanocortin receptor ligands, 

Modulation of melanocortin receptor s 
naling by defensins may also help explain 
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Fig. 5. Pharmacology of f-defensin action on melanocortin receptors. (A) Ability of NDP-MSH of 
BD103 to stimulate cAMP accumulation in cultured melanocytes. (B) Saturation binding of Eu- 
NDP-MSH to HEK293 cells transiently transfected with the dog Meir. (C to F) Competition binding 
assays in which varying amounts of unlabeled synthetic (-defensins were added together with Eu- 
NDP-MSH tracer (at 1.8 to 3 nM) to HEK293 cells transiently transfected with dog (d), mouse (m), 
‘or human (h) melanocortin receptors, as indicated, In all panels, ligand concentration (either in nM 
18 ago te lary (A) and (C) to (F)} is plotted on the abscissa; amount of cAMP formed (A) 


‘or Eu-NDP-MSH bound 


(B) to (F)], measured, respectively, as relative light units (RLUs) or relative 


fluorescent units (RFUs), is plotted on the ordinate. Each curve represents a single experiment 


Ccartied out in triplicate; error bars represent SEM. 


the apparent paradox that mutations of Pome 
have a relatively minor effect on pigmentation 


(IL, 35-37), These observations have been 
often interpreted as evidence that melanocor- 
tin receptors have high levels of constitutive 


activity, but our results suggest that 
defensins may raise “basal” levels of melano- 
cortin receptor signaling in the absence of 
melanocortin peptides 

Much of the early work on melanocortin 
signaling was driven by ideas associated with 
the way in which Pome had been discovered 
and named; additional biological functions of 
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melanocortins in behavior and energy o- 
meostasis did not become apparent for de 
des. An analogous situation may apply in the 
case of defensins, which underscores the 
utility of phenotype-driven genetics to provide 
an agnostic view of gene function. 


References and Notes 

1 D.C Bennett M.L Lamoreus, Pigment Coles 16, 333, 
2003). 

2. G5. Bash, in The Pigmentar Sten, J. Morlund 
eto, £45, (Blackwell, Oford, 2006), pp. 395-110. 

3 V. Chhajlani, JE. Wiberg, FEBS ter. 309, 417 
a992) 


RESEARCH ARTICLES [ 


44 KG. Mountjoy, LS. Robbins, MT. Mord, RD. Cone, 
Science 257, 1248 (1992) 

5. LS Robbins et ol, Cll 72, 827 (1993), 

6 SE Millar. W. Mller, MLE. Stevens GS. Bars, 
Development 123, 3223 (3995). 

7. $. 1. ltman,E.) Michaud, R . Woycil Cell 7, 1195, 
(992). 

MLW. Miller ol, Genes Dev, 7, 454 (1993) 

9. MLM. Olimann, MCL tamereus, B.D. Wilson, 6. S. 
Bosh, Genes Dev, 12, 316 (1998). 

10. H. Rungland, 0,1 Vage, Aan NY. Acad. Sci, 998, 332 
(2003), 

11. A Slominsi et ol, Endocrinology 146, 1245 (2005), 

2 5. Wright J Hered. 8, 224 (1917. 

1B. C.C title, he Inheritance of Cot Color in Dogs 
(Comstock, thaca, NY, 1957) 

14. |-A Kerns eto, Genetics 176, 1679 2007) 

1S. |. Sampson, MLM. Binns, in The Dog and Is Genome, 
EA Ostander,U. Giger, K. Lindblad Toh, Eds. (Cold 
Séring Harbor Laboratory Pres, Cold Spring Harboe, NY, 
2005), pp. 19-30. 

16, A.A Pat, Y. Ga, ¥. Sang, F lech, G. Zhang, Physiol. 
Genomics 23,5 (2008), 

7. T. Gant, Nt, Rex Immunol 3, 730 (2003), 

18. M.Pargier,O.M. Hoover, 0. Yang, W, UJ. Lubhowsi, 
ele Mo. if ci. 63, 1294 (2006), 

19. 1M. Newton eto, Mmm Genome 21, 24 (2000), 

20, JA Kets et ol, omm. Genome 15, 798 (2008), 

21. K Lindblad Toh el, Notre 438, 803 (2008). 

22, fer further deta, se the Supporting Ontne Material 

23. J.C Matty eo, , Mok tol. 346, 1059 (2005) 

24, |. Rarde, J Bares, E.Cistaphers,j M. Sevode, 
1. Bil, Chem. 276, S707 (2000), 

25, T.K. Samer eo, roe. Not. Aco. Si, USA 77, 5754 
(a0), 

26, GA Semple, P. Gaui, K. Tay, J. R Darin, Mol 
‘Divers. 10, 575 (2006), 

27. ALL Maghes, Cell. ML. Ue Se. $6, 98 (1999) 

2A. G. Morison, F.Kilanowsk,D, Dovidin, J, Doin, Infect 
‘mun. 70, 3053 (2002), 

29. E.). Hallo, A. Amour, C Barber, Am, Hum. Genet, 
73, 591 (2003) 

30. H. Chen et ol, Peptides 27, 931 (2006) 

31. Yang et o, Science 286, $25 (1999), 

32, A Sorat} Grigat U. Forsmane, Rigger}. 2rne, 
ut | Immunol. 37, 2474 (2007). 

33. A Biragy et al, Science 298, 1025 (2002) 

34. TA ger, TE Schole, 1, rasta, M. Bohm, 
‘on. NY. cod. Sci. 994, 133 (2003). 

35. LYaswen, M.D MLB. Brennan U. Hochgeschwender, 
Not Med. 8, 1066 (3999). 

36, BG. Challis tol, Proc Natl Acod, So, USA 103, 
4695 (2004) 

37, J. Smart Mom, Ann MY. Aco, Sc, 994, 202 (2003) 
318. Singe-leier abbreviations forthe amo acd residues 
ae at fotons: A, Ala C, Cys, Ap Glu; F, Phe: 

Gc MMs le, Lys eu; A, MeN, AS Po 
1, Gi: R Ag: 5, Ser: , Th; V, Val M, Trp and ¥, Te. 

39, This work was supported by grants from NIM to G58. and 
to GLM and by a grant fom the Dana E and Del 8. 
aster Foundation to S.C. We tank M. Manuel for 
‘echnical assistance; ¥. Kobayashi and the Stantord 
Transgenic Facility fr adie ad help with transgenic 
feperiments; . Bennett for mela cells YK. Yang fot 
providing the Mer expression constucs: E. A. Ostrander 
for providing some ofthe samples; and the dog onners 
‘and breeders who generously submited DNA samples, 


‘Supporting Online Materiat 
woe ciencemag.or/Vcontentfll/11478800C1 
Materials and Methods 

Olt Text 

Figs 51 to 510 

Tables $1 10 3 

felerences 


16 Ioly 2007; accepted 3 October 2007 
Pblised enti 18 Ocaber 2007; 
10.1126/cience. 1147880 

leclude this infomation when cing this paper. 


SCIENCE VOL318 30 NOVEMBER 2007 


1423 


| RESEARCH ARTICLES 


Charge Transfer Equilibria 
Between Diamond and an Aqueous 
Oxygen Electrochemical Redox Couple 


Vidhya Chakrapani,” John C. Angus,** Alfred B, Anderson,’ Scott D. Wolter,” 
Brian R, Stoner,” Gamini U, Sumanasekera* 


-AUTHORS' SUMMARY 


1989, Maurice Landstrass and 
I V, Ravi observed a curious 

phenomenon—undoped dimond, 
known to be an exceedingly goo in- 
sulator, showed substantial conductivi- 
ty when exposed to air(/). The source 
of the conductivity has been uncertain 
and a matter of controversy since that 
time, which is surprising for such an 
important and long-studied material, 
Resolution of the problem is of in- 
herent scientific interest and coud be 
important for applications of diamond 
andl in other contexts as well, Subse~ 
‘quent studies confirmed that the 
ductivity was confined to a nears 


between the adsorbed water film and 
the solid in a direction that tends to 
bring the Fermi enengy of the solid 
equal to that of the ambient film. The 
process is similar to that at & metal- 
semiconductor contact, except that 
water film replaces the metal, 

‘The electron energies of several 
solids and the oxygen redox couple in 
humid air are shown in the figure, In 
«equilibrium in air, the couple fixes the 
Fermi enengy of diamond at the top of 
the valence band, which generates 
positive charge carers (holes). The 
of the couple spans the 
hhand_ gap of semiconducting single- 


1424 


region, carried by positive charge car- walled carbon nanotubes (s-SWNTS), 
riers (holes); and that the change oe- Elect ‘ * " 5 For GaN, the elect antial of the 
: ee tron energies of various solids. The vertical bars show the band gap. sie eral E 
ccurrad only when the diamond Ws The continuous blue tine fs the electron energy of the oxygen couple in ®40X couple lis near the sates in the 
coveral with chemically bound Hydro humid ar (pH = 6); the lower dashed line isthe value for pH = Othe mide ofthe p responsible 
isn, Numerous propos were mage Yer dashed line for pH 18. Mone tor is ubiquious "yolksw band” li 


to explain the phenomenon; none has 
received wide acceptance. One recent proposal was that the eflect occured 
‘when electrons were transferred from the diamond to an electrochemical 
‘couple inan adsorbed water film (2), This proposal has received Himited 
Support, in part because it posited an adsorbed water film on an extremely 
hydrophobic substrate, and also because the enengetics and dynamics of the 
proposed electrochemical couple were problematic. 

In this prper we describe a series of controlled experiments to explore 
this effect in which the presence of an aqueous phase is unambiguous. We 
hydrogenated diamond particles and measured the changes in pH and ox- 
yen concentrations when the particles were added into aqucous solutions 
These experiments show that electron exchange systematically occurs. be- 
tween diamond and the aqueous redox couple O2 + 411 + 4e” « 210, 
hich results in the consumption oF formation of Oz. This electron ex- 
change influences other propertiesboth the contact angle of water with the 
diamond surface and the amount and sign of the charge on diamond 
particles change in a predictable way by changing the extent of reaction that 
takes place. Adhesion of water to diamond is enhanced by electrostatic 
attraction after the charge transfer, which enhances the ability of water films 
to adsorb on otherwise hydrophobic surfices 

‘These results imply that this process is a more general, unrecognized 
phenomenon that can influence a wide range of materials and processes, The 
key components are all derived from normal humid air: The water film 
provides both a medium for the electrochemical reaction as wells the O> and 
the (he protons arise from acidity generated by CO» that is present in air). 
This means thatthe effect can occur whenever semiconductors or other solids 
are exposed to humid ai, 

The atmosphere thus provides @ source of electrons whose clectro- 
chemical potential (Fermi energy) is fixed by the oxygen redox couple. If 
the atmosphere is in contact with a solid phase, electrons will transfer 


rminescence (see the figure), Other ex- 
‘sriments suggest that the conductivity of carbon nanotubes can be changed 
frown that based on cksctrons to that based on hoks, and thatthe intensity of 
luminescence from GaN ean be modulated by changing the electrochemical 
potential of the ambient air (3). 

‘Several caveats are in order. For the ambient air to fix the Fermi eneny 
of a solid, there must be a large reservoir of reactants and facile reaction 
kinetics at the interface. The air provides quasi-infinite sourees af Op, 10, 
and COs: however, several factors can inhibit equilibration of the Femi 
energies. An oxide layer, ex, on silicon, or a thin film of adsorbed hy- 
drocarbon can block eketron exchange. The reduction of O. in the aqucous 
redox couple may require trace metalic impurities on the surface, Chemical 
ionization of oxidized surfaces, not involving electron transfer, an intrinsic 
‘conductivity in small-band gap semiconductors and metals can both mask 
the eet. 

It is highly likely that the effects of electrochemically mediated chase 
transfer have remained unrecognized in many common situations. tn this 
light, it will be of great interest to reexamine the literature on mechanical 
sliding fiction and contact electrification, both of which depend in complex 
ways on relative humidity and impurities in the ambient air, Even more 
speoulative is the passbility that certain animals and insects have evolved 
the capability of modulating the electrochemical potential in their foot 1 
change the adhesive fire to solid surfoces. Charge transfer 10 nano 
structures not only can affect their properties, but also will vary with the size 
of the structure because of quantum confinement effects, 
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Undoped, high-quality diamond is, under almost all circumstances, one of the best insulators 
known. However, diamond covered with chemically bound hydrogen shows a pronounced 
conductivity when exposed to air. This conductivity arises from positive-charge carriers (holes) 
and is confined to a narrow near-surface region. Although several explanations have been 
proposed, none has received wide acceptance, and the mechanism remains controversial. Here, 
‘we report the interactions of hydrogen-terminated, macroscopic diamonds and diamond 
powders with aqueous solutions of controlled pH and oxygen concentration. We show that 
‘electrons transfer between the diamond and an electrochemical reduction/oxidation couple 


involving oxygen. This charge transfer 


responsible for the surface conductivity and also 


influences contact angles and zeta potentials. The effect is not confined to diamond and may 
play a previously unrecognized role in other disparate systems. 


highly unusual property of undoped, 
Anes n-terminated diamond is the ap 

earance of p-type surfice conductivity 
\when exposed to air (I), Sheet cartier concen- 
tration and mobility (2-4) have been measured 
and sensors and fick! effect transistors have bon 
iricated on the bs of this eflect (5-7). Several 
mechanisms for the p-type conductivity have 
been proposed, including deep-level passivation 
by surface hydrogen (7), formation of shallow 
acceptors by subsurface hydrogen (3, 8. 9), 
‘oxidation by adsorbed gas molecules (2) andl 
surfice transfer doping to the Hy/HT” redex couple 
an adsorbed water layer (/0, 11), Larsson and 
co-workers presented a theoretical investigation 
‘of surfie transfer doping to an acidic, absorbed 
Wer film and gave a shoet review of ether meeh- 
anisms (12, 13). Recently Ristein (/4) discussed 
surface transfer doping in the contest of a new 
way of doping semiconductors, and Qi of al 
(5) demonstrated surface transfer doping of dia 
mond by tetrafluorotctricyanoquino-dimethane 
However, despite much effort, no mechanism 
has received wide acceptance. Here, we present 
‘experimental evidence of electrochemically me 
diated change transfer between diamond and 
macroscopic aqueous solutions. We also discuss 
the relevance of this effect for other material 
systems, 

Rationale for experiments. The surface trans- 
fer doping mechanism involving the Hy” 
redox couple, as originally proposed (/0. 11). 
is in general agreement with the experimental 
‘observations of surface conductivity in diamond. 
However, ities on the presence of an adsorbed 
\water film on hydrophobic, hydrogen-terminated 
diamond. Adsorbed water films on solids ex 
posed to humid atmospheres are common (16), 
but experimental evidence for water films on 
diamond is tenuous In addition, the Hy” redox. 
‘couple is unlikely to fix the potential in an ad 
sorbed! film because of the very low levels of 
in air. Finally, the absolute postion of the Hy 
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couple is above the valence band maximum of 
hydrogen-terminated diamond that is exposed to 
airsaturated water and therefore unlikely 10 ac- 
ceeptelectrons fiom the valence hand of diamond. 

Inthe light of the above, experiments testing 
the surface transfer doping mechanism when the 
presence of an agucous phase is: unambiguous 
are attractive. Furthermore, experiments in which 
the dissolved oxygen concentration can be 
controlled and measured can distinguish be 
twoen the Hy” redox couple (0, 1/) and the 
O» couple suggested by Foord et al, (17) and 
(Chakrapani ef af. (/8). Because fluorinated and 
‘oxidized diamond have similar lect aflintis, 
‘at very diffrent sure chesnistries, we opted 10 
explore fluorinated as well as oxidized and 
hydrogenated samples. 

The sheet concentration of hokss in diamond 
exposed to moist air has been estimated to be 
‘on the onder of 10"? to 10" car? (2, 3). If this 
charge arises from electrochemical transfer 
doping. a straightforward calculation shows that 
addition of high-surface area diamond powder 
to small, but macroscopic, amounts of aqucous 
solution will produce measurable changes in pH 
and in dissolved oxygen concentration. Further- 
more the direction of these changes will differ 
depending on whether the Femi kevel of the 
diamond is above or below the electrochemical 
potential of the aqueous solution. 

Eton transfer between diamond and ague- 
‘ous solutions should produce other macroscopic 
effects as well. The contact angle of aqueous 
solutions with diamond should decrease at low 
DpH because of increased electrostatic attraction 
‘hetween the positive accumulation layer in the 
diamond and compensating neyative ions in the 
adjacent solution. The sign of the zeta potential, 
Which is related to the sign of the net change on 
4 particle, should vary in a_ similar systematic 
\way with pH, ic. greater positive surface charge 
at lower pil. 

Electrochemical potentials and band line-up. 
According 10 the electrochemical transfer dop- 
ing model, a p-type accumulation layer forms in 
diamond when the Femi level of the diamond 
is higher than the clecirochemical potential. 
‘of an adsorbed water layer on the diamond sur 
face (10, 11). Electrons transfer from the dia- 
mond to the water layer, resulting in a positive 
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space charge layer in the diamond and eompen- 
sting anions in the water layer. The electro- 
chemical potential ofthe film is determined by 
electrochemical redox couples involving dissolved 
oxygen in equilitrium with air (17, 18) 


ay 


0; + 2,0 + 4e° 


dominates at basic conditions (2) 
The reactions in Eq, 1 and 2 are not independent, 
but are related by the water equilibrium, Eq, 3, 


1,0 <= HY + OH (3) 


Akihough electrons are not present as separate 
attics in the aqueous phase, ther eletrochem- 
ical potential, jis well defined and is yiven by 
the Nemst equation. The reactions in Eqs. 1 and 
2 have expressions for je given, respectively, in 
Eqs. 4 and 5, 


He(eV) = 4.44 + (-1)(41.229) + 
0.0592 
FP logia(0,)) (4) 
He(eV) = 444+ (-1)(40.401) 
0.0892 
POH + lopweiro,)| (8) 


te (eV) is referred to the vacuum level, 
the activity of 130 is assumed to be unity, the 
‘eal gas approximation is used, the temper- 
ature T= 298 K, and the partial pressure of 3, 
‘Po,, is in bar. The electrochemical potential of 
electrons in the standard hydrogen electrode 
(SHE) relative to the vacuum level isesire) = 
444eV (19, 20), The standard electrode poten 
tily ofthe reactions in Fis. Vand 2 are +1.229 V 
and ‘0401 V versus SHE, respectively (2/), The 
relation between pH and pOH is simply pH + 
POH = 14 
Mott-Schottky measurements (22) and the- 
‘retical considerations (23) indicate that the 
electron ality. EA, of hydrogen-terminated 
diamond in contact with water of moist air is 


approximately ~0.30 eV, which is 1 eV more 
positive than the value obtained in vacuum (24). 
Because the diamond band gap is 5.5 eV, this 


shift places the top ofthe diamond valence ban 
at approximately $2 eV. This estimate was 
used to give the position of the band edges of 
diamond in Fig. 1. Also shown in Fig, 1 are the 
electrochemical potentials for the oxygen redox 
couple calculated from Eqs. 4 and $ for po, 
0.21 bar and pH = 0 and pH = 14. These 
erties, ~5.66 eV and -483 eV, respectiv 
straddle the estimated position of the valene 
band maximum of diamond, 

The band lineup shown in Fig 1 is for 
hydrogensterninated diamond in contact with an 
aqueous phase, Oxygen and fluorine are both 
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more electronegative than carbon in contrast 10 
hydrogen, which is more clectropositive than 
cearbon. Therefore, surface termination with ether 
‘oxygen of Mluorine induces a surface dipole that 
‘will increase the electron affinity, opposite to the 
effect in hydrogen-teminated diamond. The elec 
tron affinity of an oxidized diamond surface is 
about 1 eV more positive than hydrogenated 
surfitces (24, 25), and the effect of fluorine is 
expected to be similar. This lowering of the 
diamond cneruy bands by = 1 eV places the 
vaknce hand maximum at £ = ~ 62 eV, below 
the electrochemical potential ofthe aqueous phase 
at all pls 

Electiochemically mediated charge transfer. 
Water in equilibrium with air has a pH = 6 from 
the naturally occurring COp in the air, which 
comesponds to an eleetroehemical potential of 
He = ~ 53 eV trom Eq. 4. Lowering the pit 
lowers ji Therefore, addition of hydrogenated 
diamond! powder equilibrated with moist air to a 
solution with pH < 6 leads to (ia) > Wy (ag), 
and electrons transfer from the diamond to the 
solution until ji(dia) = g(a). The reaction in 


Fig. 1. Estimated band ine- 
Up of ‘hydrogen-terminated 
diamond in contact with. an 
‘aqueous solution. The elec- 
trochemical potentials of the 
‘oxygen redox couple are 
shown at pH = 0 and pH = 
14, The electron affinity of 
‘gaseous Oz is also shown 
(E=-EA= 0.451 eV), 


Ambicnt 


es 
O+e>0r 4 
EAg, =0.45eV 


Eq. 1 proceeds in the forward direction, which 
results. in consumption of protons. However, 
when diamond powder equilibrated with moist 
air is brought in contact with a basic solution, 
(dia) <yig(ag): electrons transfer fom the 
solution into. the diamond, which drives the 
reaction in Eq, 2 in the revere direction. Hy- 
roxy! ions are consumed and the solution be- 
‘comes more acidic. If these ane the only processes 
taking place at the interface, the protons con- 
‘sumed plus the hydroxyl ions formed are equal to 
the number of electrons transfered fom the dae 
mond to the solution. Reduction in the concen- 
tration of electrochemical acceptors, ic, the 
dissolved oxygen, shoul! decease the amount 
of electron transfer from the diamond and sup- 
ress the changes of pl of the solution. 

The overall stoichiometry of the clectro- 
chemically mediated charge transfer at moderate 
pT can be written as Eg. 6 (18): 


MCW gy + Orie + 2N2Oaie + 4CO> ae 


hg, + AICO} ) 


Ecgu= +03 eV 


0, + 28,0 + 4e = 40H |-3— 
ae 
pH=14, E= 4.83 eV. 
pH=0,E=~3.66eV 
Wa 
0; 44H + de = 2,0 
Fig. 2. Changes in pH upon adi- 9 
tion of 1 g of hydrogen-tesminated 
natural diamond powder, equi s 
brated with ai, to separate 20-ml = 
aqueous solutions with pH = 5.2 E 
and pH = 8.5. The arows indicate 6 
the point where the diamond pow- 
der was added. For the former, jte s 
(Gia) > jg (aq) and elections transfer 9 v 
into the liquid, thereby consuming 
protons and raising the pH. For the. 8 
later, te (Gia) < te (aq), and elec 
trons transfer out ‘of the solution, 7 
lowering the pH. The inset shows the 
result when hydrogen-terminated 6 
diamond powder is added to a ° 10 20 30 40 


solution deoxygenated with Nz 
‘and NaHSO3. Note the expanded 
vertical scale. 
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Equation 6 describes the situation when the 
acidity is generated by atmospheric COs. In 
this case, the counterions in the aqueous phase 
are dominantly HCOs . The type of counter- 
ion will depend on the ambient, For example, 
in the presence of HCI vapors, the counterions 
will be predominantly CI. 

We note that the electron affinity of the 
aqucous oxygen redox couple is much greater 
than that of molecular oxygen and other gas- 
Phase oxidants in the absence of water, For 
example, the electron affinity of Oy is 
+51 eV (26), which places the energy at 
E= EA ~ 0451 eV, far above the energy of 
the oxygen redox couple at any pH (Fig, 1). The 
electron affinities of other highly oxidizit 
gas-phase speci NOz, Os, and F, are, 
respectively, 2.103, and 3.4 eV (26) 
also not sufficient to ditectly 
oxidize diamond. Therefore, direct electron 
transfer from diamond to gas-phase spocies in 
the absence of water is thennodynamically 
improbable, 

Titration of diamond powder. Natural di 
mond powder with a nominal size range of 0 
to 1.0 jum was purchased trom Advanced 
Abrasives Corp. The as-purchased powder 
‘was oxidized and was therefore hydrogenated 
at 700°C for4 hours in a 2.45-GHz microwave 
plasma reactor supporting a hydrogen plasma 
at 750 W, at a gas flow rate of 196 standard 
cubic centimeters per minute and pressure of 
35 torr. The powder was cooled in hydrogen 
gas 10 room temperature, stirred, and. the 
process then repeated two times to ensure good 
hydrogen coverage. X-ray photoelectron spee~ 
troscopy (XPS) analysis indicated that the 
surface oxygen concentration was lowered 
from 8.5 1 1.4% by this process, Because the 
samples were transferred in air, the bulk of the 
residual oxygen likely arose from physically 
adsorbed species, 

Diamond powder was fluorinated in a planar, 
inductively coupled 13.56-MHz plasma reactor at 
$00 W with a de bias of 307 V. A source zas of 
‘SF, at 2S sccm was used to maintain pressure of 
0.035 torr for 10 min. The substrate tempera 
was maintained at 20°C. Subsequent XPS 
analysis of the powder showed both Mu 
and oxygen on the surface in approximately a 
1 atomic ratio. 

In all of the titration experiments with dia- 
mond powder, | g of powder was added 10 20 
ml of solution. The solution was stimed 
continuously before and after addition of the 
diamond powder. The pH and dissolved 
oxygen concentration measurements. were 
made with an Accumet XL60 meter. Anatytical- 
grade chemicals (HCL, NaOH, and NallSOs) 
‘were used in all experiments, and solu 
‘were filtered through a 0. 1-ym filter before use. 
Airsaturated water was used for most ex- 
periments. In some cases, the dissolved oxygen 
concentration was reduced by bubbling. nitro- 
gen through the solution for 4 hours and then 


wm sciencemag.org_ 


adding sodium bisulfite up to a concentration of 
0.5 M, The original dissolved oxygen concen- 
tration of air-saturated water was ~7 me'liter: 
the concentration afer the nitrogen purse and 
bisulfite treatment was less than the sensitivity 
of the dissolved oxygen probe (0.01 miter) 
For experiments with sodium bisulfite, the 
‘chamber was closed to isolate the solution from 
the open air, and nitrogen was continuously 
purged through the chamber. 

Figure 2 shows the changes in pH when 
1g of hydrogenated diamond powder is 
added separately to 20 ml of air-saturated 
aqueous solutions, one at pH = 5.2 and the 
other at pit = 8.5. The pH increases upon 
addition of the hydrogenated diamond to the 
acidic solution and decreases upon addition of 
the diamond powder to the basic solution 
These changes are in the expected directions 
described above, The inset in Fig, 2 shows the 
change in pH when hydrogenated diamond 
powder is added to a solution that has been 
deoxygenated with Ny and NallSOs. The 
change in pH is very small (note the 
magnified vertical scale), This result indicates 
that dissolved oxygen is necessary for charge 
transfer to take place. 

Figure 3A shows a titration curve obtained 
by addition of 1 g of diamond powder equili- 
brated with room air to 20-ml solutions of 
known pH. The onfinate is the number of 
electrons, ANe-, transferred into the water and 
is given by Eq. 7. 


ANe = ANow ~ ANae = Nav izo 


x {10°4(10%e — 10Fh) — (1o°P 10°F) 


a 


where Nay is Avogad 
ANowr are the changes in number of H 


‘s number, ANy-and 
and 


> 


3E+19 


1E+19 


1E+19 


BES19 


“SE+19 


AN, = ANoy- = AN) + 


<TE+19 


Fig. 3. (A) Number of electrons transferred from the diamond upon 
addition of 1g of hydrogen-terminated natural diamond ponder equil- 
‘brated in air to 20-ml aqueous solutions of varying initial pH. The 
‘crossover point is where the Fermi level of the diamond equals the 
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OH” ions respectively, Figo is the volume of 
water in liters, and pH and pHrare the initial and 
final pH of the solution. At high pH, the first 
temn dominates; at low pH, the sccond tem 
dominates. In the flat portion of the titration 
‘curve, both protons and hydroxyl ions are present 
in low concentrations, and the transfer of a small 
‘number of electrons keads to large changes in pH. 

The crossover point in Fig. 3, A and B, is 
where the eletwchemical potential of the 
solution is equal to the Fermi level of the orig- 
inal diamond equilibrated with air, The electro- 
chemical potential of the solution at this point is 
4 direct measure of the Fermi level of diamond 
‘equilibrated with room ais. The crossover point 
is most easily seen in Fig. 3B and is estimated 
to occur at pH = 6.1, which fom Eg. 4 cor 
responds 10 an electron chemical potential of 
he ® ~$.3 eV. This value is in close agreement 
with independent Mot-Schotky and Kelvin 
‘probe measurements that show jp = 5.2 eV 
27) for diamond in equilibrium with ague- 
‘ous solutions in ait. 

We estimated the change in the concentration 
of dissolved oxygen upon addition of diamond 
powder by using an electrochemical biochem 
ical oxygen demand (BOD) probe consisting of 
8 FEP Teflon membrane covering a gold and 
silver electrode. When hydrogenated diamond 
powder, previously equilibrated with rom air, is 
axided 10 an acidic solution, ste(dia) > j4(09): 
electrons transfer into the solution and the 
concentration of dissolved oxygen decreases 
due to the reaction in Eq. 1. which proceeds in 
the forward direction. When hydrogenated 
diamond powder is added wo a basic solution, 
ne(dia) <yg(aq). and the concentration of 
dissolved oxygen increases. In this later case 
electrons feave the solution, driving the reaction 
in Eq, 2 in the reverse direction, thus increasing 
the concentration of dissolved oxygen. The re- 
sults are summarized in Table 1. In both cases, 


Api 


initial pH. 
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the change in dissolved oxygen concentration is 
in the expected direction. Furthermore, the es- 
timated change in number of moles of dissolved 
oxygen agrees with the change in number of 
molecules of protons and hydroxyl ions cal- 
calated from the pHT change within the expected 
cevor of the oxygen measurement, 

Zeta potential measurements, Zeta potcn- 
tials are obtained by measurement of the eletro- 
Phoretic velocity of dispersed solids in a fiquid. 
The magnitude and sign of the zeta potential 
depend on the net amount and sign of the change 
\within the shear boundary separating the mobile 
liquid from the stagnant layer near the solid sur- 
face. A penitive zeta potential indicates a net posi- 
tive change within the shear boundary; a negative 
zeta potential indicates a net negative change (28). 
Here we use measurements of the zeta potential 
as confinmation of the direction of electron 
transfer between diamond powder and water 

We performed zeta potential measurements 
with a ZETAMASTER‘S using 1-1 nominal 
size natural diamond powder purchased. from 
SUK-5, Kay Industrial Diamond Corp. Hydro- 
genation and Auorination of the powder were 
performed as described carlier, The diamond 
powder was equilibrated with mom air before 
the zet potential measurements were made, 

From Fig, 4 it is evident that hydrogen- 
terminated diamond powder shows a positive 
zeta povential at all pH values less than 7. This 
result is consistent with electron transfer from 
the diamond, which increases with decreasing 
pil as predicted by the transfer doping model, 
The slightly negative zeta potentials for the 
hhydrogen-terminated diamond at pl > 8 are 
consistent with a low concentration of residual 
‘oxygen-containing surface funetional groups on 
the surfice compared to the nonhydrogenated 

‘The zeta potentials for both oxidized and 
fluorinated diamond powder differ markedly 


12 


pH 


‘chemical potential of electrons in equilibrium with the electrochemical 
couple. (B) Change of pH upon addition of 1 g of hydrogen-terminated 
‘natural diamond powder equilibrated in air to 20-ml solutions of varying 
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from those of the hydrogen-tenminated powder. 
‘The potentials for these samples are similar in 
magnitude and negative at all pH yalues greater 
than 1. The negative charge can arise either 
from transfer of electrons to the diamond or 
ionization of residual oxygen-containing func- 
tional groups on the surface, e.g. carboxylic 
acids and hydroxyl radicals, The similarity of 
the results for the oxidized and fluorinated sam- 
piles indicates that the charging process is similar 
despite the different surface chemistry of the 
‘two types of simples, 

Contact angle measurements. Advancing 
contact angles on hydiogen-terninated, 3-mm 


diamond macles in solutions of different pH 
were determined. Macks are natura, triangular, 
unpolished, twinned single erystals of diamond. 
We measured the contact angles on the (111) 
facets of these erystals by the Wilhelmy plate 
technique (29) using a KRUSS K100 Processor 
Tensiometer. The diamond samples were fist 
‘hydrogenated unter conditions described above 
for diamond powders for a period of 2 hours. 
‘After hydrogenation, they were cleaned ultra- 
sonically in Milli-Q water for 10 min and dried 
under flowing No 

The mucks were suspended by a comer 
from the arm of the eleetrobalance and im- 


Table 1. Summary of results showing changes in the concentration of dissolved oxygen (DO) and 
pH with the addition of 1 g of hydrogenated natural diamond powder equilibrated with air to 20 ml 
‘of solution. The change in number of ions of H* and OH is from Eq. 7. 


8 


potentials (negative surface 


Steady-state value Steady-state value Change in no. No, of = 
before addition after addition of molecules wansterred 
DO (mgfiter) 78 73 1.9 «10 of O; 47.6 x 107 
pH 4. 53 8.9 x 10” of H* and OH” +8.9 x 10°” 
DO (mgytiter) 69 75 23 x 107 of 0, -9.2 x 107 
pH 2 x 10” of H* and OH x 107 
Fig. 4. Zeta potential as a 0 emery 
function of pH for hydrogen : ‘© Hydrogenated diamond) 
ated, oxidized, and fluorinated 304 8 * Oxidized diamond 
natural diamond powder, i 6 Fluorinated diamond 
Hydrogen-terminated dia- 1 
mond shows a positive zeta > 10 
potential (positive surface 
charge) at pH <7. Fluor & -10 
nated and oxidized diamond 
powders show negative zeta & 


charge) at all pHs, 


3 


-70 


mersed in the solution at a constant rate of 3 
mmvimin while we measured the force on the 
simple due to wetting. The contact angle was 
cakulated fiom the measured foree, wetted 
length of the sample, and the surface tension 
of the solution, yyy (29). Extrapolation of the 
results to zero immersion depth eliminated the 
effect of variation of the length of the wetted 
perimeter. The surface tension of the solution 
‘was measured with a roughened platinum plate, 
which is wetted with a contact angle of v 
tually 0°, By measuring the force acting on the 
plate when immersed in the solution, we eal- 
culated Yry. 


aqueous solutions of varied pH and dissolved 
oxygen content are shown in Fig, SA. We 
attribute the decrease of the contact angle at 
Jow pH to the electrostatic attraction between 
the positive space change layer in the diamond 
and the compensating anions in the aqueous 
phase (8). The solvated anions provide a 
mechanism for binding a water film to the 
hydrogen-terminated, hydrophobic diamond 
surface. 

Reduction in the concentration of electro 
chemical acceptors, is, the dissolved oxygen, 
should decrease the electron transfer from the 
diamond and reduce the ellect of pl on contact 
angle. First, we lowered the dissolved oxygen 
concentration in the water by bubbling nitrogen 
through the solution, Further removal of dis- 
solved oxygen was achieved by reduction with 
sexu bisulfite (30), SA. it is clear 
that the contact angle increased as the cone 
centration of dissolved oxygen decrease. Fur 
thermore, the dependence of contact angle on 
pil essentially disappeared after the addition 
of excess soxtium bi which reduces the 
dissolved oxyyen concentration to very low 
levels, 

The work of adhesion, Way, which is the 
energy requited to separate the liquid and solid 


A B 9s 7—« 
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Fig. 5. (A) Advancing contact angles on a (111) surface of a hytrogen- 
terminated diamond macie as a function of pH. Experiments were performed with 
water in equilibrium with air, water purged with Nz, and water purged with Nz 
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‘and treated with NaHSO,. (B) Changes in the work of adhesion calculated from 
the contact angles. Experiments were performed with water in equilibrium with 
ait, water purged with No, and water purged with Np and treated with NaHSOs. 
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phases is related to the contact angle, @, through 
‘the Young-Dupre equation (16), (Eg. 8). 
Was = iey(I +0080) (x) 
Figure SB shows the work of adhesion as a 
function of pH of the solution. Higher work of 
adhesion is found at lower pH for airsaturated 
solutions; the work of adhesion for deoxy gen- 
‘ated solutions is reduced and is independent of 
pH, as expected, 
Role of oxygen. Our results support the sur 
face transfer doping mechanissn (10, 11), but are 


ical redox couple involving 
the adjacent water phase as suggested 
by Foord et al. (17) and Chakrapani er al. 
(U8), rather than the Hy/H couple as originally 
proposed 

Fixing the electrochemical potential and 
pinning the Femi level in the diamond require 
facile electron transport between the diamond 
‘and the aadjacent aqueous phase, The redox re- 
actions (Eqs. | and 2) must be sulliciently rapid 
to pemnit measurable change exchange within the 
time of the measurements, The relatively large 
concentration of Oz (Compared t0 Hs) in air 
‘equilibrated water facilitates the reaction ki- 
netics of Eqs. 1 and 2. The reduction of Os in 
the aqueous redox couple may require trace 
metallic impurities on the surfice 1 proceed at 
appreciable rates. Furthermore, an adsorbed or- 
zzanie film can displace the aqueous phase an! 
suppress the effect (/8). The use of epoxy resins 
to insulate electrical contacts may provide such 
a barrier, 

‘We emphasize that under certain conditions, 
‘other processes not involving electron transfer 
may take place. For example, surface fick! effcct 
devices have been constructed with the use of 
induced charge (7), Also, on an oxidized dia- 
mond surface, functional groups such as carbon 
¢lic acid and hydroxyl can ionize (Eqs. 9, 10) 


(din) COOH <= (dia)-COO™ +" (9) 


(dia)-O1 <= (dia-O" +H (10) 


‘The total number of sites on a (111) diamond 
surface is ~10"° cme? Therefore, even a Ie 


Fig. 6. Changes in pH upon addi- 
tion of 1.9 of hydrogen-terminated 
natural diamond ponder and 1.9 of 
‘oxidized natural. diamond ponder, 
‘each equilibrated with air, to sep 
‘arate 20-ml solutions with pH = 5. 
‘The arrows indicate the point where 
the diamond powder was added. 
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surface coverage with ionizable sites can mask 
the effects of transfer doping, which gives rise 
to sheet charge densities of 107 to 10° em? 
Cn 

Because the reactions in Eqs. 9 and 10 do 
not involve electrons, their equilibria do. not 
depend on the chemical potential of electrons, 
Ite However, these reactions do involve protons, 
$0 their equilibria depend on the chemical 
Potential of protons, ic., on pH, The reaction 
in Eq. 9 will proceed to the right if the pH of the 
aqucouss phase meets the condition pll > pi, 
4: similarly the reaction in Eq. 10 will proceed 
if p> 10. Here py is the acid dis- 
sociation constant of the functional groups. If 
these conditions are met, protons transfer into 
the solution, lowering the pil. This effect is 
strated in Fig. 6. The pl of a solution, 
initially at pll = 5, decreases upon addition of 
‘oxidized diamond powder. In contrast, when 
hhydrogenated diamond is added 10 a. solution 
With pH = 5, surface transfer doping causes the 
pl to increase. 

All of the experiments have been performed 
With natural type TA diamond, which contains 
appreciable quantities of nitrogen. However, the 
nitrogen in natural diamond is present as 
aggregates and, as such, does not provide active 
donor centers (#1, 32), In contrast, in type Mb 
synthetic diamond, single substitutional nitrogen 
atoms are present, which have a donor level 1.6 
eV below the conduction bard minimum (33). 
If present, these donor centers can ionize and 
compensate hokes generated by electron trans: 
fer to the aqucous phase (34). In this si 
positively charged donor sites and holes are 
charge-balanced by excess anions in the aque 
‘ous phase. Because all of our experiments were 
conxlucted with type IA diamond, which has 
negligible substitutional nitrogen, compensation 
bby nitrogen donors does not occur. Indeed, we 
found that the surfice conductance of the type 
1A diamond is four orders of magnitude greater 
than the conductance of type Ib, 2 = 2:mm (100) 
synthetic diamond crystals (Sumitomo, HTHP), 

Electrochemically mediated charge transfer 
in other material systems. Elecirochemically 
mediated transfer doping was first noted in 
diamond (/) because the effect on conductivity 
is so striking. However, the phenomenon should 


‘Time (min) 
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occur in many other systems if the band line-up 
is appropriate, Furthermore, the electrostatic 
attraction between the resulting space charge 
layer in the solid and the compensating ions in 
the adsorbed film will enhance the formation of | 
adsorbed water films. 

The electron affinity of semiconducting 
single-walled nanotubes (SWNTS) has been 
ported to be 4.8 eV (35), Also, SWNTS have 
a band gap of 0.4 to 0,6 eV and a work function 
Of 48 to 5.1 eV (36, 37), These values place the 
Femi level above the electrochemical potential of 
the aqueous redox. couple (Eq. 1) for ar-saturated 
‘ater, which is ~ ~5.3 eV. Hence, when SWNTS 
are exposed to humid air, electrons can transfer 
ct of the SWNT into an adsorbeal water film. 

Several studies have observed an abrupt 
change in sign of the Seebeck coefficient from 
negative to passitive when SWNTS that were 
previously annealed in vacuum were exposed 10 
air at room temperature (38, 39). These results 
show a change in the dominant charge carer 
fiom electrons to holes consistent with the elee- 
twochemical transfer doping mechanism. Fure 
thermore, small concentrations of gases such as 
NOs, NH, Os, and 130 change the conductiv- 
ity of SWNT (40-43) in the dingctions. pre- 
dicted by our model 

The electon alinity of a clean GaN surfice 
is reported 10 be 3.0 = 023 eV (44, 45). 
fore, with a band gap of 3.4 eV, the 
band minimum is at = ~ 3 eV and the valenee 
thand maximum is at £ = ~ 64 eV. The elee- 
trochemical potentials of the oxygen redox 
couples (-4.83 eV to -$.66 eV) are there 
in the mid-gap region of GaN rather than near 
the valence band ede as in the case with dia- 
‘mond. Changes in the chemical potential of aque: 
‘ous redox couples in an adsorbed water film can 
therefore change the occupancy of the mid- 
gap surface states that are believed to play a 
role in the ubiquitous yellow-band emission 
from GaN. This electrochemical mechanism 
may be responsible for the enhancement of 
yyellow-band emission in the presence of HCL 
Vapors: and diminishment in the presence of 
Nils vapors (46, 47), 

Change transfer between polymers and 
metals (contact electrification) is a well-known, 
‘but not fully understood, phenomenon that 
depends on the difference in work functions of 
the contacting materials, presence of surface 
states, relative humidity, atmospheric adsorbates, 
humidity. and pH of the ambient environment 
(4S, 49), Sliding friction is another complex 
Phenomenon depending in some situations on 
the ambient. We suggest that change transfer to 
electrochemical acceptors. in adsorbed water 
films may mediate these processes and should 
bbe considered when interpreting results. Further- 
more, charge transfer to electrochemical acceptors 
in adsorbed films may influence the properties 
of nanoparticles and other nanometer-scale 
structures. This point is of particular interest 
because the electron energies in small nanopar- 
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Jes will depend on size due to quantum con- 
finement effects. 
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Coherent Control of a Single Electron 
Spin with Electric Fields 


KC. Nowack,"t F. H. L. Koppens,t Yu. V. Nazarov, L. M. K. Vandersypen* 


‘Manipulation of single 


fs essential for spin-based quantum information processing. Electrical 


control instead of magnetic control is particularly appeating for this purpose, because electric fields 


are easy to generate locally on-chi 


We experimentally realized coherent control of a 


gle- 


electron spin in a quantum dot using an oscillating electric field generated by a local gate. 
The electric field induced coherent transitions (Rabi oscillations) between spin-up and spin-down 
with 90° rotations as fast as ~55 nanoseconds. Our analysis indicated that the electrically induced 
spin transitions were mediated by the spin-orbit interaction. Taken together with the recently 

demonstrated coherent exchange of two neighboring spins, our results establish the feasibility of 


fully electrical manipulation of spin qubits. 


mation processing provide the possibility 
of adding new functionality to today’s ele: 
tronic devices by using the electron spin in ad- 


Seer and spin-based quantum infor- 
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tion to the electric change (/). In this context, a 
key clement is the ability to induce transitions 
between the spin-up and spin-down states of a 
localized electron spin and to prepare arbitrary 
superpositions of these two basis states, This is 
commonly accomplished by magnetic resonanc 
whereby bursts of a resonant oscillating magnetic 
field are applied (2). However, producing strong 
oscillating magnetic ficlds in a semiconductor 
device requires specially designed microwave 


cavities (3) or microfabricated stiplines (4), 
and this has proven to be challenging. in 
comparison, electric fields can be generated 
much more easily, simply by exciting a local 
gate electrode, In addition, this allows for 
eater spatial selectivity, which is important 
for local addressing of individual spins. It 
‘would thus be highly desirable 10 control the 
spin by means of electric fields. 

‘Atthough electric fields donot couple di- 
realy to the electron spin, indirect coupling ean 
Ail be realized by placing the spin in am 
netic field gradient (5) or in a structure with a 
spatially varying g tensor, or simply through spin- 
coxbit interaction, present in most semiconductor 
structures (6, 7), Several of these mechanisms 
have been used to electrically manipulate elee- 
‘won spins in two-dimensional electron systems 
(8-11), but proposals for coherent electrical con- 
trol at the level of a single spin (5, 12-15) have 
0 far remained unrealized. 

We demonstrate coherent single spin rota- 
tions induced by an oscillating electric field, The 
dlectron is confinad in a gate-lefined quantum 
dot (Fig. 1A), and we use an adineent quantum 
dot, containing one electron as well for readout 
‘The ac electric field is generated through e 
tion of one of the gates that form the dot, thereby 
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periodically displacing the electron wave function 
around its equilibrium position (Fig. 1B). 

‘The experiment consists of four stages (Fig. 
10), The device is initialized in a spin-blockade 
regime where two excess electrons, one in each 


Fig. 1. (A) Scanning elec- 
tron micrograph of 2 de- 
vice with the same gate 
siructure as the one used 
inthis experiment. Metalic 
TIAN gates are deposited 
‘on top of a GaAs hetero- 
structure that hosts a two- 
dimensional electron gas 
90 nm below the surface. 
Not shown is a coplanar 
stripline on top of the 
metallic gates, separated 
by a dielectric [not used 
in this experiment see also 
(@)]. In addition ‘to a de 
voltage, we can apply fast 


Initialize 


dot, are held fixed with parallel spins (spin 
tripled), cither pointing along or opposed to the 
extemal magnetic field [the system is never 
blocked in the triplet state with antiparallel 
spins, because of the effect of the nuclear fields 


Isolate Manipulate Read-out 


FEET 


pulses and microwaves to S-6| 
the right side gate (as ind e+ Hl 
cated) through a homemade > O% 


bias-tee. The orientation of 


time 2h 


the in-plane external magnetic field is as shown. (B) The electric field generated upon excitation ofthe 
ate displaces the center of the electron wave function along the electric field direction and changes 
the potential depth. Here, A is the orbital energy splitting, le = h/v mA the size ofthe dot, m* the 

effective election mass, f: the reduced Planck constant, and EU) the electric field. (C) Schematic of the 
spin manipulation and detection scheme, controlled by a combination of a voltage pulse and burst, Mt), 
applied to the right side gate. The diagrams show the double dot, with the thick black lines indicating 
the energy cost for adding an extra electron to the left or right dot, starting from (0,1), where (n,m) 
denotes the charge state with and m electrons inthe left and right dot. The energy cost for reaching 
Grp pet lth oa contin. Hees rn emery es rg 


singlet state 


{indicated by $(0,2)] is much lower than that for forming a triplet state (not shown). This 


difference is exploited for initialization and detection, as explained further in the main text. 


Fig. 2. (A) The current 
averaged over 40 mag- 
netic field sweeps is 
given for eight differ- 
ent excitation frequen 
cies, with microwave 
burst length of 150 ns. 
The traces are offset 
for clarity. The micro- 
wave amplitude Viny 
vas in the range 09 
to 2.2 mV, depending 


i 


‘on the frequency (est 
mated from the output 


276 277_278_2i9 
Boa 


ower of the micro- 
wave source and tak- 
‘ng into account the 
attenuation of the co- 
axial lines and the 
switching circuit used 
to create microwave 
bursts) (B) Position of iH, 


the resonant response 
over wider frequency 


t = 23 3 


Ben 7) 


‘and field ranges. Error bars are smaller than the size of the circles. (C) Individual magnetic field sweeps 
at fe = 15.2 GHz measured by sweeping from high to low magnetic field with a rate of 50 m/min. The 
traces are offset by 0.1 pA each for carty. The red trace is an average over 40 sweeps, including the ones 


shown and scaled up by a factor of 5. 
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in the two dots combined with the small imterdot 
tunnel coupling: sce (16) for details), Next, the 
two spins are isolated by a gate voltage pulse, 
sich that clectron tunneling between the dots of 
to the reservoirs is forbidden. Then, one of t 
spins is rotated by an ac voltage burst applied 10 
the gate, over an angle that depends on the 
Aength of the burst (/7) mast likely the spin in 
the right dot, where the electric field is expected 
to be strongest) Finally, the readout stage allows 
the Jeft electron to tunnel to the right dot if and 
only ifthe spins are antiparallel. Subsequent tun- 
ncling of one electron to the Fight reservoir gives 
a contribution to the curent, This eycle is re 
peated continuously, and the current flow through 


the device is thus proportional to the probability 
ns after excitation, 


of having antiparallel 

‘To demonstrate that cect 
indoed induce single-electron spin flips, we ap- 
ply a microwave burst of constant length t0 the 
right side gate and monitor the avenige current 
flow through the quantum dots as a function of 
extemal magnetic fick! Boy (Fig. 2A), A finite 
current flow is observed around the sing! 
electron spin resonance condition, ic., when 
Bou! = Mfo'ghtn. with f Planck's constant, fa 
the excitation frequency, and jig the Bohr 
magneton, From the position of the resonant 
peaks measured over a wide magnetic field 
range (Fig, 2B), we determine a g tietor of | 
039 © 0.01, which is in agreement with other 
reported values for electrons in GaAs: quantum 
dots (8), 

In addition to the external magnetic field, the 
lectron spin feels an effective nuclear field By 
arising from the hyperfine interaction with 
‘nuclear spins in the host material and fluctuating 
in time (79, 20), This nuclear fick! modifies the 
electron spin resonance condition and is 2 
ally different in the Heft and right dot (by ABN), 
‘The peaks shown in Fig. 2A are averaged over 
many magnetic field sweeps and have a width 
of about 10 t0 25 mT. This is much langer than 
the expocted linewidth, which is only 1 10 2 mT 
as given by the statistical uctuations of By 
. Looking at individual fick! sweeps 
measured at constant excitation fiequeney, we 
sce that the peaks are indeed a few mT wide 
(Fig. 2C), but that the peak positions change 
time over a range of ~20 mT Judging from the 
dependence of the position and shape of the 
averaged peaks on sweep direction, the origin of 
this lange variation in the nuclear ficld is most 
likely dynamic nuclear polarization (4, 23-26). 

To demonstrate coherent control of the spin, 
‘we varied the length of the microwave bursts 
and monitored the current level. In Fig. 3A we 
plot the maximum current per magnetic field 
sweep as a function of the microwave burst 
duration, averaged over several sweeps (this is a 
‘more sensitive method than averaging the traces 
first and then taking the maximum) (17), The 
‘maximum current exhibits clear oscillations as a 
function of burst length. Fitting with a cosit 
function reveals a linear scaling of the aseilla- 


SCIENCE VOL318 30 NOVEMBER 2007 


1431 


| REPORTS 


tion frequency with the driving amplitude (Fig. 
3B), a characteristic feature of Rabi oscillations 
and proof of coherent control of the electron 
spin via electric fields 

‘The highest Rabi frequency we achieved is 
~4,7 MHz (measured at foe ~ 15.2 GHz), cor- 
responding to a 90° rotation in ~$5 ns, which is 
‘only a facior of2 slower than those realized with 
magnetic driving (4), Stronger electrical driving 
\was not possible because of photon-assisted tun- 
nicling. This is a process whereby the electric 
fick! provides enemy for one of the following 
transitions; tunneling. of an electron to a reser- 
voir or to the triplet with both electrons in the 


right dot. This lits spin blockade, imespective of 


‘whether the spin resonance condition is met 

‘Small Rabi frequencies could be observed as 
L. The bottom tice of Fig. 3A shows a Rabi 
oscillation with a period excceding 1.5 jas 
(measured at ye = 2.6 GHz), corresponding to 
aan effective driving fiekt of only about 0.2 mT, 
‘one-tenth the amplitude of the statistical Muctua- 
tions of the nuclear fick, The oscillations are 
nevertheless visible because the dynamics of the 


nuckar bath are slow compared to the Rabi 
period, resulting in a slow power-law decay of 
the oscillation amplitude on driving fickd (27). 
We next tum to the mechanism responsible 
for resonant transitions between spin states. 
First, we exclude a magnetic origin because 
the oscillating magnetic field generated upon 
excitation of the gate is more than two onders of 
magnitude foo small produce the observed Rabi 
‘oscillations with periods up to ~220 ns, which 
requires a driving field of about 2 mT (17) 
Second, we have soon that there are in principle 
a number of ways in which an ac electic field 
can cause single-spin transitions. What is 
required is that the ascillating electric field give 
rise to an effective magnetic fied, Berd), acting 
‘on the spin, oscillating in the plane perpen- 
dicular 10 Boy, at frequency fae ~ gi Boxe 
The g-tensor anisotropy is very small in 
GaAs, so g-tensor modulation can be ruled 
‘out as the driving mechanism. Furthermore, in 
‘our experiment there is no extemal magnetic 
field gradient applied, which could otherwise 
lead 10 spin resonance (5), We are aware of 


Fig. 3. (A) Rabi oscilla~ 
tions at 15.2 GHz (blue, 
average over five sweeps) 
‘and 26 GHe (black, av- 
erage over six sweeps). 
The two oscillations at 
15.2 Ge are measured 
atdiferent amplitudes of 
the microwaves Vays 
leading to diferent Rabi 
frequencies. (B) Linear 


dependence of the Rabi 
frequency on applied mi- 

‘rowave amplitude mea- 

sured at fe = 14 GHe. 

Fig. 4. (A) Rabi frequency re- Ao af 
scaled with the applied electric 

field for different excitation frequen- ase) 
cies. The error bars are given by — gy 
FrawlE »y(5E/E! + (fai / fea)? o.2| 


where sft and &E are the error in 
the Rabi frequency and electric field 
amplitude, respectively. The gray 
lines are the 95% confidence bounds 
for a linear fit through the data 
(weighting the data points by the 
inverse error squared). (B) Estimated 
electric field amplitudes at which the 
Rabi oscillations of (A) were mea~ 


frasi/E (MH2-cmvV) 


Be 88 


7000 
Burst time (ns) 


sured at the respective excitation 


frequencies (17). (C) Construction al 
of the direction of m resulting from 
the Rashba and Dresselhaus spin- S49 
corbitinteraction for an electric field 


along [110] following Eq. 1. The 2a) 
coordinate system is set to the 
crystallographic axis [100] and [010]. . 
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7 
fy (GHz) 


only wo remaining possible coupling mech- 
anisms: spin-orbit interaction and the spatial 
‘variation of the nuclear field 

In principle, moving the wave finetion in a 
nuclear field gradient can drive spin transitions 
G. 28), as was recently observed (26), However, 
the measurement of each Rabi oscillation lasted 
‘more than I hour, much longer than the time 
during which the nuclear field gradient is 
constant (-100 is 10 a few 5), Because this 
field gradient and, therefore, the corresponding 
effective driving field, slowly Muctuates in time 


damped, regardless of the driving 
26), Possibly, a (nearly) static gradient in the 
nuclear spin polarization could develop asa 
result of electron-nuclear feedback. However, 
such polarization would be parallel 10 Boy 


nd 
thus cannot be responsible for the observed 
coherent oscillations. 

Tn contrast, spin orbit- mediated driving 3 


induce coherent transitions (/2), which ean be 
understood as follows, The spin-orbit interaction 
in a GaAs heterostructure is given by Ho 
ry Py) * HP * Py) Where cand fr 
are the Rashba and Dresselhaus spin-orbit co- 
efficient, respectively, and py and dyy are the 
‘momentum and spin operators in the x andy" 
directions (along the [100] an (010) 

tions, respectively), Assuagested i 
‘orbit interaction 


conection to the exterial magneti 
fective magnetic fick, acting on the spin, is pro 
portional and orthogonal to the fick! applied 


ne Bante he 


ty = [ax+ Bin = 0 a) 


Bars.) Br): 


An electric field E(1) will periodically and 
adiabatically displace the electron wave fune- 
tion (Fig. IB) by x00) = (eljgc/A)E(), 80 the 
electron spin will feel an oscillating effective 
field Beg(d) + Beg through the dependence of 
Buon the position, The direction of n ean be 
constructed from the direction of the electric 
field as shown in Fig. 4C and together with 
the direction of Boy determines how effec- 
tively the electric field couples to the spin. 
The Rashba contribution always gives 
while for the Dresselhaus contribution th 
depends on the orientation of the electrie field 
with respect tothe erystal axis, Given the gate 
geometry, we expect the dominant electric field 
to be along the double dot axis (Fig. 1A), which 
there is either the [110] of [ITO] crystallographic 
direction. For these orientations, the Dresselhaus 
‘contribution is also orthogonal to the electric field 
(Fig. 4C). This is why both contributions will 
give Ber + 0 and lead to coherent oscillations in 
the present experimental geometry, where E. | Bow. 
In (26), a very similar gate geometry was used, 
‘but the orientation of Bow was different, and it 
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ccan be expected that E 4 Beg. In that experi- 
ment, no coherent oscillations were observed, 
Which is consistent with the considerations here. 

An important characteristic of spin orbit 
‘mediated driving is the linear dependence of the 
effective driving fick! on the extemal magnetic 
field, which follows from Eq. 1 and is predicted 
in (12, 13, 29). We aim to verify this dependence 
bby measuring the Rabi frequeney as a function of 
the resonant excitation frequency (Fig. 4A), which 
is proportional to the evtemal magnetic field, Each 
point is rescaled by the estimated applied electric 
field (Fig. 4B). Even at fixed output power ofthe 
microwave souree, the electric fiekd at the dot de 
pends on the microwave frequency due to various 
ees in the line between the microwave 
ate (caused by rellections at the 
bonding wires and microwave components). Ho 
ever, We use the photon-assisted-tunne! 
sponse as a probe forthe ae voltage drop a 
the interdot tunnel barrier, which we convert into 
aan electric fickd amplitude by assuming a typical 
interdot distance of 100 1m, This allows us 0 
roughly estimate the electric fickd at the dot for 
each frequency (17). Despite the lange error bars, 
\which predominantly result from the error made 
in estimating the electric field, an overall upward 
trend is visible in Fig. 44, 

Fora quantitative comparison with theory, we 
‘extract the spin-onbit strength in GaAs, vi the ex- 
pression of the effective fick! Buy perpendicular 
to Bay for the geometry of this experiment (/2) 


2g eB WMlne (9) 


Iso 


Baal!) 


With fo the spinorbit length (for the other 
definitions, see Fig. 1B). Here, fgg! = "(a= BYR 
for the ease with the gate symmetry axis along 
[1TO] oF {110}, espoctvely. Via fies ~ (4B) 
2h, the confidence interval of the slope in Fig 
4A gives a spin-orbit ength of 28 to 37 jm (with 
1 evel spliting A in the right dot of 0.9 meV 
‘extracted from high-bias transport measurements. 
Additional uncertainty in fg is due to the esti- 
mmate of the interdot distance and the assumption 
‘of'a homogeneous electric field, deformation ef 
{ects ofthe dot potential (/5), and extra cubic terms 
in the Hamiltonian (7). Still, the extmeted spin- 
‘orbit length is ofthe same onder of magnitude as 
‘other reported values for GaAs quantum dts (18). 
Boa the observed trend of Beer With foc and 
the extracted range for fgg are consistent with 
‘our supposition (by elimination of other mech- 
anisms) that spin transitions are mediated by 
spin-orbit interaction, We note that also for rela 
ation of single electron spins in which electric 
field fhicuations fom phonons couple to the spin, 
it is by now well established that the spin-orbit 
interaction is dominant at fiekls higher than a Few 
100 mT (12, 18, 28, 29), It can thus be expected 

to be dominant for coherent driving as wel. 
‘The electrically driven singke-spin resonance 
ae here, combined with the so-called 
P wate based on the exchange interaction 
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between two neighboring spins (30), brings all- 
lectrical universal control of electron. spins 
Within reach. Whereas the VSIVAP gate already 
‘operates on subnanasccond time scales, single- 
spin rotations still take about 100 ns (the main 
limitation is photonassisted tunneling). Faster 
‘operations could be achieved by suppressing 
photon-assisted tunneling (e., by increasing the 
‘tunnel barriers or operating deeper into Coulomb 
blockade), by working at still higher magnctic 
fields, by using materials with stronger spin- 
orbit interaction, or through optimized gate de- 
signs. Furthermore, the ektrical control offers 
the potential for spatially selective addressing of 
individual spins in a quantum dot array, because 
the clettic fick is produced by a local gate. 
Finally the spin rotations were realized at mag- 
netic ficlds high enough to allow for single-shot 
read-out of a single spin (31), so that both cke= 
ments can be integrated in a single experiment 
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Flow of Mantle Fluids Through the 
Ductile Lower Crust: Helium 


Isotope Trends 


B. Mack Kennedy? and Matthijs C. van Soest? 


Heat and mass are injected into the shallow crust when mantle fluids are able to flow through the 


ductile lower crust. 


inimum *He/He ratios in surface fluids from the northern Basin and Range 


Province, western North America, increase systematically from low crustal values in the east to 
high mantle values in the west, a regional trend that correlates with the rates of active crustal 
deformation. The highest ratios occur where the extension and shear strain rates are greatest. 
The correspondence of helium isotope ratios and active transtensional deformation indicates a 
deformation-enhanced permeability and that mantle fluids can penetrate the ductile lithosphere, 
even in regions where there is no substantial magmatism. Superimposed on the regional trend are 


local, high *He/*He anomalies indicating hi 


jen magmatic activity and/or deep fluid production 


with locally enhanced permeability, identifying zones with high resource potential, particularly for 


geothermal energy development. 


antle volatiles, principally water and 
» play an important role in litho 
eric rheology and the production 
‘of buoyant fluids that can be injected into the 
shallow crust. Regional and local trends in the 


crustal occurrence of mantle volatiles. provide 
insight into the coupling between mantle-crust 
tectonics (J, 2) heat and mass exchange be- 
tween the mantle and crust (2-5), and the oc 
currence and distribution of economic resources 
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such as ore minerals and oil, gas, and geo- 
thennal fluids (6). Mantle-derived volatiles in 
the erust are traceable through He isotopic com- 
positions of hydrologic fluids (7). Once injected 
into a crustabfluid system, mantle He will be 
continuously diluted with radiogenic helium-t 
(He) acquired from the U.Th-rich crust, and 
therefore surface-fuid He isotopic compositions 
also provide a measure of the mantle He Mux 
and the integrated permeability-fluid pressure 
gradient (How rate) through the crust (/). To 
center the hydmlogic system, mantle He must 
pass through a ductile lower crust, which is 
believed to be an impermeable boundary 
because of an inability t0 maintain open frac 
tures on long time scales (8-10). A general as- 
sumption is that the passage of Muids through 
this boundary must occur either by direct in 
trusion and degassing of mantle-derived mag. 
mas (6) or by diffusion through the ductile 
boundary layer (17), However, two recent studies 
in areas void of recent vokeanism (7, 12) have 
found evidence for faultcontrolled advective 
flow of mantle fluids through the ductile 
boundary. How and why this occurs és not well 
understood 


Fig. 1. Sample location map of the B&R and surrounding areas. The 
symbol colors delineate *He/He ratios, expressed as RORa (the air- 
corrected sample ratio normalized to the ratio in ait), and the symbol 
shapes identify the type of thermal area. Tectonic zones are outlined: red, 
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We conducted a regional study of He iso- 
topic compositions of thermal fluids collected 
from surface features and wells throughout the 
northem Basin and Range Province (B&R), west- 
em North America (Fig. 1 and table S1) (13). 
As a result of the tectonic influence exerted by 
the relative motion of the Pacific and North 
American Plates (/4, 15), the B&R is a vast ex 
tended region of anomalous thermal gradient 
large heat ux, high regional elevation, th 
(ned) crust, and lthospheric- and asthenosphric- 
mantle melting. Presently, extension is accom- 
nele normal faults, and the 
major extension and its associated 
magmatism occurs at the margins of the 
province (/6), primarily within the Walker Lane. 
2 marrow 1000-200-km-wide transtensional 
vokanic zone along the castem side of the 
Sierra Nevada that extends noth into a transi- 
tional zone between the Sierra Nevada and the 
subxliction-relatad volcanic are of the Cascades. 
East of the Walker Lane, B&R extension occurs 
ata slowing rate, over a much wider arca and 
the absence of active or recently active volea 
ism. The highest extension rates in this arca 
of the central Nevada seismic belt 


y x, 


. Basin and Range 


PStowseone 
eeassone 
Sioeatoon 
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(CNSB), @ north-northeast tending belt of 
Holocene seismic activity 

Across the northem B&R. three general He 
isotope trends are apparent. First, ratios >3.0 Ri 
©) occur only at the w of the 
E ve or rently active shallow 
crustal volcanism within the Walker Lane (Coso 
Long Valley, and Steamboat) and the Cascade 
vokanic chain (Lassen, Mount Shasta, Medi- 
cine Lake, Crater Lake, and Newberry Crater) 
Second, the preponderance of ratios >0.6 Ra 
occur in the northwest B&R in an area ranging 
fiom the CNSB west to the transition zone 
with the Cascade volcanics. Thind, cast of the 
NSB, the He ratios decting, ranging from 0.1 10 
03 Ra 

Collectively, the minimum *He*He ratios de- 
fine a regional baseline tend of decreasing ratios 
fiom west to east as illustrated by the shaded 
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northern B&R; yellow, the Walker Lane transtensional zone (WL) and the 
CNSB; green, the Sierra Nevada batholith (SN); and light blue, the 
Cascades volcanic zone. TZ, transition zone between the Cascades, WL, 
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Fig. 2. Air-corrected He isotopic —10.00. 
composition of geothermal fluids 
above 38°N latitude in the B8R, TZ, 
and Cascades, plotted as a function 
‘of longitude. The shaded curve 
depicts an east-to-nest baseline 
trend, defined by minima in the 
local *He/He ratios. 
1.00, 


0x10. 
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Fig. 3. Compilation of present-day GPS strain rates across the northem 
BAR, relative to the North America reference frame. The data are from GPS 
networks located in a band from 38°N to 41° N latitude (25, 16). West of 
242°E to 242.5° E longitude, the data show a combined increase in total 
magnitude of strain and an increase in lateral dextral shear strain super- 
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‘imposed on the east-west extension. This is most evident in the Walker Lane, 
bt it impacts most of the B&R in and to the northwest of the CNSB, a5. 
illustrated by the Fig. 3 insert taken from (29). The broad cotored band is the 
regional baseline He isotope trend from Fig. 2, shown superimposed on the 
trends in strain rate. CP, Colorado Plateau; GV, Great Valley. 
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band in Fig. 2. East of the Walker Lane and 
Cascades, the occurrence of mantle He—as 
indicated by baseline *He“He ratios (-02 10 
2.0 Ra) that are much greater than those of 
average crustal He (~0.02 Ra) —is not supported 
‘by magma intrusion, as this region has no ex 
idence for curtent or recent volcanic activity. 
Instead, the baseline trend is strongly correlated 
With a change in the direction and magnitude of | 
strain detected by present<tay Global Positioning 
System (GPS) velocities (Fig. 3) (17, 18). West 
of the CNSB, a nearly pure east-west exten 
sion rate of ~3 mnvyear shifts to N4O°W and 
increases to 12 10 13 mm/year. The accelerating 
dextral shear component is driven by a drag 
force due to the relative movement ofthe Pacific 
and North American Plates (/9), We hypothesize 
thatthe inerease in total strain and, specifically, 
the norhwestorientaed dextral shear component 
‘greatly enhance average fhuid-flow rates allow 
fara more rapid low of mantle: us through 
the crust and preserving the high *He“He ratios 
‘observed at the surface, The enhanced flow rate 
must persist through the britle-dutite transition, 
through the ductile lower enust, and into the 
mantle lithoyphere. If, as expected, fluids pass- 
ing through the ductile crust enter the base of 
the britle zone at, oF near, lithostatic pressure, 
then the east-to-west increase in the flow rate is 
primarily govemed by an east-to-west increase 
in average permeability 

‘The high-angle normal faults that presently 
accommodate B&R extension and that are prob- 
ably: Muid-flow pathways. are not expected to 
penetrate the ductile lower erust. In extensional 
regimes, because of gravitational loading, the 
‘maximum principle stress is pempendicular to the 
‘geoid. With inereasing depth, the brite-touctile 
shift in theology retracts the maximum stress 
acting on the fault resulting in nearly horizontal 
shear zones or detachment faults at the bound 
ary between the high-viscosity upper crusts and 
low-viscosity lower crusts (20, 27), Strain local- 
ization induced by an increasing dextral shear 
component superimposed on the extensional 
stress Field must mechanically couple the brittle 
and ductile crustal zones, generating vertically i= 
‘ented downward fault splays that extend through 
the ductile crust and ino the mantle, These splays 
would act as conduits for uid flow. The close 
correspondence between He isotope ratios and 
the rate of dextal shear stain suggests that fide 
flow mate (and hence, permeability) through the 
ductile zone is a function of the rate of dental 
shear strain. Once the low has initiate, the high- 
pressure pore and fracture Mids may help to 
maintain. permeabil 
the ductile zone (22), 

‘There are many sampled features that have 
clevated *He“He ratios with respect to the re 
tional baseline trend. Although a few. such as 
Roosevelt Hot Spring and Covefor, are asso- 
ciated with crustal magma systems (23), the ma 
jority are not. An example of the hatter is the 
Dixie Valley thermal system (Fig. 2), where a 
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detailed study (24) found a range in He isotope 
ratios (~03 to 0.8 Ra), with the highest ratios 
restricted to fluids emenging directly from the 
Stillwater range-front fault system, a high-angle 
normal fault that defines the westem margin of 
the vally, A recent east-west high-esolution deep 
‘magnetotelluric study that crossed through Dixie 
‘Valley revealed a zone of low resistance, a pos- 
sible indication of fuids at a depth of ~25 km 
Within the mantle lithosphere (25), suggesting 
that the Dixie Valley He anomaly reflects a com 
bination of local, deep production of mantle 
fluids (zone of low resistance) and a range-front 
fault system with enhanced permeability (high 
fluid-flow rates and, hence, high *He*He ratios). 
The range-front fault is the primary conduit sup- 
plying ~20 © 10° ky of 250°C water in support 
‘of a 62-megawatt-eketric geothermal power plant 
(26). 11 follows that other “local He anomalies” 
may be indicative of similar systems and rep- 
resent geothermal targets with high potential, 

(Our regional He isotope study of Maids across 
the nonthem B&R clearly demonstrates a strong. 
correlation between an east-to-west increase in 
the magnitude of dextral shear strain and an cast- 
to-west increase in baseline Hl isotope ratios. In 
the absence of active or recently active magmatism, 
the elevated He isotope ratios require amagmatic 
flow of mantle fluids through the ductile lower 
‘rust, suggesting thatthe increase in dextral shear 
strain rates creates an maintains pemicable path 
ways through the ductile zone. Elevated He iso- 
lope ratios in surface Muids along amaymatic 
sections of the San Andreas fault (/) anda 
recently observed series of nonvolcanic tremors 
deep (20 to 40 km) beneath the same section of 
the foult provide additional support fr the exis- 
tence of deep-mantle Maids, their potential impor= 
‘tance in fault mechanisms (27), and norimagmatic 
fluid flow through the ductile zone. 

The high *He“He anomalies superimposed on 
the regional tend indicate enfuanced crustal per- 
nncability coupled with local zones of deep fluid 
‘production andor hidden magmatic activity. These 
local anomalies may be indicative ofa heterogs- 
nuts distribution of mantle volatiles that promote 
melt production. Assuming a CO"He ratio of 
~2* 10° M (characteristic of mid-ocean ridge ba- 
salts) (6) as a proxy for mantle-dcrived volatiles, 
the calculated fluidlow rate through the Dixie 
Valley geothermal system (24) translates into. a 
‘mantle COp flux of =2 = 10 to 20 = 10° mot 
‘em ” year", As of yet no definitive geochemical 
cr isotopic evidence for the presence of mantle 
(CO; has been found, other than carbon isotopic 
compositions (8°C = -6.5 = 25 per mil) (2 
‘ot dissimilar from those of mantle CO, (6). An 
estimated COy?He ratio in Dixie Valley Muids of 
~40 * 10° (13) is~20 times the mid-ocean ridge 
value, suggesting that most(~95%) of the CO is 
‘not mantle-derived or. altematively, that the sub- 
continental mantle CO,/*He ratio is much greater 
than that obseryed at mid-ocean ridges. 

Earth's erust stores an enormous resource of 


thermal energy produced primarily from the ra- 


dioactive decay of U, Th, and K that is dispersed 
throughout Earth. It has been estimated that, with- 
inthe United States (exchiding Hawaii and Alaska), 
there are ~9 = 10" kilowatt-hours (kWh) of ac- 
cxssible geothermal enengy. This is a sizable 
source computed tothe total energy consumption 
in the United States of 3 « 10" kWh annual. In 
order for geothermal systems to develop and mine 
the beat source naturally, adequate Mid sources 
and deep permeable pathways are necessity. 
The deep pathways provide access to high tem- 
peratures that can drive fluid convection cells. He 
Isotopes provide a quantitative of, at least, a qual- 
itative estimate of devp penncabilit 
measurements, and anomalies superimposed on 
regional trends can identify potential resources, 
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In Situ Determination of the Nanoscale 
Chemistry and Behavior of 
Solid-Liquid Systems 

Santhana K. Eswaramoorthy,* James M. Howe,"* Govindarajan Muralidharan™ 


‘Many fundamental questions in cysal-growth behavior remain unanswered because of the dificultes 
‘encountered in simultaneously observing phases and determining elemental concentrations and 
redistributions while crystals nucleate and grow at the nanoscale. We show that these obstacles can be 
‘overcome by performing energy-dispersive x-ray spectroscopy on partially molten ALSi-Cu-Mig alloy 
particles during in situ heating in a transmission electron microscope. Using this technique, we were 
able to (i) determine that the aluminum and silicon concentrations change in a complementary and 
symmetric manner about the solid-tiquid interface as a function of temperature; (i) directly measure 
the solid- and liquid-phase compositions at equilibrium and in highly undercooled conditions for 
‘quantitative comparison with thermodynamic calculations ofthe liquidus and solidus phase boundaries; 
‘and (ii) provide direct evidence for homogeneous nucleation of the aluminum-rich solid 


rystal growth is an important technolog: 
( ical process affecting fields from metalk 
lurgy to solid-state physics ane applications 
ng from the production of metaballoy 
dings and aircraft to singk-erystal semi- 
{oxides for electronic and optical 
devices (/, 2) [Lis also involved in everyday 
ural phenome c feezin 
biomineralization of living onganisms (3), and in 
geological processes such as the formation of 
stalactites and stalagmites in eaves (4). Understand: 
fundamental phenomena such as the structure 
and composition of the solid-liquid interface, the 
prantitioning of elements between the solid 


based alloys have received attention as model sys+ 
tems because itis possible to produce large under 
14s in atomized liquid droplets less th: 
20 mm in diameter (7). In these studies, the afore 
mentioned difficulties have precluded direct ob- 
servation of the nucleation and growth behav ior 


A 28k 


‘essential to solidification science 


and the develop 
iment of new material structures under equilibrium 


and nonequilibrium conditions (J, 5-7). The 
challenges of directly determining these features 
have been largely beyond the capabilities of ex- 
perimentaliss (8), although recent progress has 
been made in determining the atomic structure of 
the solidliquidimterface (9-12). This problem is 
particularly severe in inorganic engineering tate- 
rials, Which usually have high melting points (typi 
er than 800 K) and are optically opague 
Tumball and Cech (12) showed that heterge- 
on on impuritics could be eliminated 
during the freezing of metals and semi-metals by 
using liquid droplets few tens of micrometers in 
diameter. Since then, investigators have found that 
olidification of alloy droplets under conditions far 
foun equim has the potential to produce mete 
stable phases with novel properties and to broaden 
the study of solidification processes (7, 13). AF 


Fig. 1. (A) Bright-field TEM image of 2 partially molten Al 
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of phases, or measurements of the local compo- 
sitions present during solidification (or meting) 
The closest experiments of this type have ine 
‘volved in stu heating of submicromster-diameter 
binary AL-Si alloy particles to obtain qualitative 
lemental profiles across solid-tiguid interfaces 
(14, 15) in the transmission electron microscope 
(TEM). In this study, we used a newly designed 
thermal shield on a conventional TEM heatin 
holder (/6) to obtain quantitative chemical eom- 
positions across a solid-Tiquid interface and in the 
undereooled liquid phase as a function of 
semperature. 

The sample chosen for this investigation was 
4 multicomponent commercial, AFSi base alloy 
(AA 390) powder obiained from Valimet (/7). 
The alloy is typically used in aerospace and autor 
mobile applications because of is high strength 
to-weight ratio and good wear and corrosion 
resistance. The alloy is mainly Al, with inten 
tional additions of 17.87 Si, 1.83 Cu, and 0.6 Mg 
(here and henceforth, all compositions are in 
atomie percent), Additional minor impurit 
the alley such as Fe and Mo ae gen 


at lower amounts and are not to the 
present study. The powder particles: were sus- 
pended in ethanol and dispersed on an ultrathin 


Composition (at. %4) 


o @ 
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ug powder particle taken at a 
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temperature of 828 K. The faint, dashed line parallel to the interface indicates the approximate 
appearance of the column of material sampled by the electron beam normal to the plane of the figure. 
Circles a through f indicate where x-ray spectra were acquired. [Reprinted from (16) courtesy of the 
‘Microscopy Society of America and Cambridge University Press] (B) Bright-field TEM image of the same 
powder particle after further heating to 878 K. Circles 1 through 4 indicate where x-ray spectra were 
‘acquired. (C) Concentration profiles of Al and Si obtained from x-ray spectra taken at 828 K (soli tines) 
‘and at 878 K (dashed lines). (D) Concentration profiles of Cu and Mg obtained from x-ray spectra taken at 
828 K (solid lines) and at 878 K (dashed lines). 
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carbon film supported on a copper-mesh TEM 
rid. The in situ heating experiments were per 
formed at 200 kV in a JEOL 2000FX-I1 TEM with 
4 Gatan double-tit heating holder. A. thermo- 
couple in the holder maintained the specimen 
temperature to Within =15 K. Chemical composi 
tions were determined by energy-dispersive x-ray 
spectroscopy (EDXS) with a Gresham high-angle 
x-ray detector and an incident electron beam 
diameter (probe size) of about 25 nm, Details 
regarding quantification of the x-ray spectra and 


the accuracy of the compositional measurements, 


which are generally better than 
provided in the Supporting Online Material 

ture LA shows a bright-ficld TEM image of 
n ALSi-Cu-Mg powder panicle about 350 nm in 
diameter, taken at a temperature of $28 K. The 
panicle is panially molten, containing a faceted 
primary Si particle on the lower let and an oval 
shaped solid Ab-rich particle that is surrounded 
by Abrich liquid phase in the upper An 
amorphous aluminum oxide film several nano- 
icters thick forms naturally on the particle sur 


face, and this oxide shell prevents the liquid phas 


Fig. 2. (A) Bright-field TEM image of a second particle at 833 K. An arrow points to the position of the 
electron probe inthe liquid in the analysis, and the bright spot inthe lower-lft comer isan image ofthe 
‘actual probe used. (B) Image at 753 K with an inset electron diffraction pattem showing the diffuse ring 
pattern corresponding to the liquid phase, as well as Si reflections. (C) image at 743 K with an inset 
electron diffraction pattem showing additional spots due to the formation of crystalline Al-rich phase 
Faint rings in the diffraction pattern correspond to a small fraction of remaining liquid. (D) tmage at 743 K 
taken with a lower electron beam brightness to eliminate beam heating. Arrow points to the AlzCu phase 
identified by EDXS, The electron beam is condensed to just illuminate the particle in all ofthe images, so 
thatthe remaining background appears dark. The contrast visible in the Si crystal is due to defects, which 
change their orientation and contrast stightly with temperature. 


Fig. 3. (A) Si and (B) Cu 
concentrations in the under- 
cooled liquid phase plotted as 
a function of temperature in 
pseudobinary phase diagrams 
along with the calculated equi 
librium liquidus, solidus, and 
solvus lines for the elements, 
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orating in the TEM vacuum (J8), The 
thin oxide is highly transparent and barely visible 
in the TEM images. The coexistence of two solid 
phases and a liguid in equilibrium at 828 K is 
consistent with Gibbs phase rule (19), because 
there are four major elements (AL, Si, Cu, and Mg) 
in the alloy. X-ray spectra were obtained at five 
positions, indicated by circles ato ein Fig. 1A (the 
size of the circle represents the approximate probe 
size), and the resulting compositions are plotted in 
Fig. 1, € and D. One additional composition 
obtained in the liquid phase only, circle fin Fig. 
1A, is also given in Fig. 1C. Several important 


features are evident front these figures, The com: 
position on the right side of the particle, at position 
«, contains approximately 96.0 Al, 1.9 Si, 1.3 Cu, 
and 0.5 Mg, while that in the Sion the far lef, at 
position a, is about 90.2 Si, 7.9 Al, 1.3 Cu, and 
and Mg levels are 
n the two solid phases at this temp 
As the thin, liquid interface between the two solid 
phases is approached from either side, the Aland 
Siconcentrations change in a complementary and 
xl M 
position ¢, whe 


levels do not 
the 


symmetric manner, The Cu 


Cu concentration inereases slightly, This inere 


is likely duc to prior purttioning of Cu during s0- 
lication, because the frst liquid formed during 
heating in the TEM was the last Cu-cnriched 
Fiquid to solidify in the particle 

Figure IB shows the same particle afer further 
heating 10 a temperature of 878 K. The particle 


contains only two phases, solid Siin the lower let 
and Al-rich liquid in the remaining volume, Simi 
lar to Fig. 1A, x-ray spectra were obtained at four 
powitions indicated by circles 1 10 4, and the re 
sulting compositions are plotted in Fig, 1, Cand D. 
As at 828 K, the Aland Si concentrations change 
ina complementary and symmetric manner about 
the solid-liquid interface as itis approached from 
sither side, The Al concentration in the liquid on 
the far right has decreased 10 about 89,2, while the 
levels of Cuand Sih 
8.1, respectively, due to partial dissolution of 


fe increased to about 2.1 and 
the solid Si and increased solubility of the Cu in 
the liquid phase with temperature (20, 21). Also, 
the partially dissolved Si particle has beoon 


ly faceted along 
mined by electron diffaction), indicated in Fig 
1B. Incontrast to the beh at 828 K, 
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the Cu and Mg concentrations both decrease it 
«going from the Al-ich liquid phase to the solid Si 
phase at $78 K, reflecting the increased solubility 
in the Abrich liquid 

Comparison of the results from the chemical 
‘analyses taken across the soli-iguidl interface and 
inthe liquid phase in the in situ TEM experiments 
With values obtained fiom thermodynamic caleu- 
lations generally yieklad good qualitative agree 
‘ment but limited quantitaiveagrecment. According 
to the calculations, the Si concentration inthe liquid 
should inerease with temperiture because of the 
progressive dissolution of the solid Si into the liquid 
phase. This isin good agreement with observations 
fiom the in sit experiments. Quanitativey, the in 
situ results showed an increase in Si concentration 
fiom 4.6 w &1 when the sample was heated frm 
828 to 878 K, whereas the calculations yielded a 
change in Si concentration from 8,3 t 12.1 forthe 
same temperatures. The experimental Cu and Mg 
concentrations also qualitatively followed the 
calculated predictions. For example, the ealeu- 
lations predicted a decrease in concentration from 
8.8 0 1.9 in Cu and from 29 t0 0.6 in Mg when 
the temperature was raised from 828 40 878 K. In 
‘comparison, the in sit experiments showed a d= 
crease from 2.7 102.1 Cu and from 0.9 10 03 Mg. 
The composition ofthe Alsolid-solution (Fig. 1, 
and D) at 828 K measured in the in sity TEM 
‘experiment was 96.0 Al, 13 Cu, 0.5 Mg, and 1.9 
Si. Thisis in reasonably good agreement with the 
calculated value of 97.3 Al, 10 Cu, 0.3 Mg, ane! 
1.1 Si, The slightly higher levels of Cu, Mg, anxt 
the experiment may be due toa thin layer of 
Fiquidl phase between the Aland oxide at location & 

‘Thommedynamic cakulations predict that the 
Si phase does not have any solid solubility for Al, 
Mag. of Cw at any temperature. However, experi- 
mentally the composition of the silicon phase was 
90.2 Si, 79 AL 1.3 Cu, and 04 Mg at 828 K. This 
dliflerence coukd be partly due to a thin layer of 
Figuid phase that overlaps the solid Si rystal 
through the specimen thickness in projcetion, but 
this process cannot account for the entie differ= 
cence, because with 7.9 Al, the concentrations of 
‘Cuand Mg would be about 1,0 and 0.1, respec- 
tively, Hence, the experimental results indicate that 
the Si phase does have some solubility for Cu and 
Me (and perhaps Al) at elevated temperatures. In 
situ, high-temperature composition measurements 
inthe TEM thus provide valuable information that 
‘would enable more accurate descriptors of the ther= 
rmodynamics of phases and hence phase equilibria, 

‘To investigate metastable phase equilibria, we 
heated the sample in situ in the TEM and deter- 
mined the lowest temperature at which the liquid 
phase was in equilibrium with primary Sion melt- 
ing, This temperature was found 1 be about 833 K, 
and the corresponding bright-feld image is shown 
in Fig. 2A. The temperature was then decreased 
from 833 K in 10 K steps, and x-ray spectra were 
‘acquired from the liquid and Si phase atthe same 
positions on the particle (indicated for the liquid 
‘by an arrow in Fig. 2A). This process was repeateat 
until homogeneous nucleation of the AL solid- 
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solution phase was observed to accurat 748 K. ep 
resenting a cumulative undereooline of about 90 K. 

A bright-field image of the sample at 753 K, 
{just before nucleation, is shown in Fig. 2B. The 
comesponding ekctron diflraction pattem for the 
particle inset in Fig. 2B reveals a diffse ring pat- 
‘tem due to short-range order in the liquid phase, 
Verifying that the sample is in an undereooted 
metastable state. The crystalline spots also seen 
in the pattem correspond to the primary Si crystal 
Further cooling by 10 to 743 K was sufficient to 
nucleate the erystalline Abrich phase, and the 
cloctron diffraction patter inset in Fig. 2C dis- 
plays additional crystalline spots comesponding 
to this Al phase. The electron diffraction pattem 
also has fainter rings duc to the small fraction of 
remaining liquid. A small amount of liquid phase 
can still be observed in Fig. 2C because the 
focused electron beam heats the particle slightly 
(22). Upon decreasing the brightness of the beam 
to cfiminate this heating, the remaining. fiquid 
solidified, and the fully solid particle is shown in 
Fig. 2D. A somal crystal with dark contrast (row) 
ccan be seen in the AL phase, and this was 
determined to be the ALCu phase by EDXS. 

‘The nuckeation and growth of the solid Abtich 
‘phase occurred and reached a size of about $00 rm 
in ess than 0.03 s, the minimum time step of 
the TV camera, which records at 30 frames per 
second. This result suggests that the interfoce 
velocity during growth was at Ieast 1.3 = L0Sm/s 
and potentially much faster. given that the tem 
‘perature gradient during solidification was on the 
‘onder of 2.3 = 10” Kim. Faster recording devices. 
andlor TEMs specially designed to achieve 
Ultrafast time resolution (23) are needed 1 follow 
the movement of such solidliquid interfaces 
under these high-driving force, highly under- 
cooked conditions. 

The Si and Cu concentrations in the under- 
cooked liquid phase are ploted in Fig. 3 as a 
function of temperature in pscudobinary phase 
diagrams, along with the computed equilibrium 
Tiquidus, solidus, and solvus lines for the ckements 
‘The quatemary system is pleted as a pscudobi- 
nary phase diagram 1 facilitate comparison be- 
‘ween the experimental metastable liquidus lines 
(ic. phase boundaries) and the calculated equilib- 
rium figuidus'solvus lines, The experimental data 
foe Si in Fig. 3A show that the composition of the 
metastable liquid phase qualitatively follows an 
extrapolation of the equilibrium liquidus line al- 
though some quantitative differences oocur, The Si 
‘concentration does not change during the first 
three temperature steps. This could be duc to the 
highly faceted nature of portions of the Sistiquid 
interface seen in Fig. 2A. which require a two- 
«dimensional nucleation and growth process (S, 6) 
10 absorb Si from the liquid. Owing to the kinetic 
barrier associated with this growth mechanism, it 
is possible thatthe liquid composition remained 
constant until there was sufficient underoooing for 
twodimensional nucleation to occur thereby al- 
lowing the Si crystal to grow and absorb Si from 
the liquid phase with further undercooling. The 
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composition at the Jowesttemperature data point 
for the solid Absich phase is also given in Fig, 3A 
and qualitatively agrees with the calculated equi 
fibrium solvus, The Cu concentrations also follow 
fine that is parle! to an extension of the equi- 
Aibrium fiquids fine and are substantially ess than 
the compositions of the liquid that would be in 
<quilirium with the Absich phase (amow in Fig. 
3B), This occurs because Cu remains incomorated 
in the undereooled liquid until nuckstion ofthe Al- 
rich phase occurs Once the Abrich phase nucle 
ates, Cu is rected from the growing solid phase, 
and the Cu concentration in the liquid rapidly 
eases. In the Abrich solid, it abruptly changes 
10 within a few tenths of a pewent ofthe calculated 
cquilibrium Cu solvus Hine (lowest temperature 
lita point in Fig. 3B), 

{In addition to compositional measurements at 
the nanoscale, the approach used here enables 
dlicet observations to be performed on the be- 
havior of soliliquid interfaces, For example, the 
presence ofthe liquid phase surrounding the solid 
AL phase in Figs, 1A and 2C indicates that it is 
cnicngetically unfavorable for the Abrich solid to 
form an interface with either the solid Si or the 
‘oxide shell fic, the contact angle (6, 19) is 180, 
‘This provides direct evidence that neither of these 
phases coukd have acted as a catalyst in the nus 
leation of the Abtich solid, This result is 
contrast to the inference of Turnbull and Cech (12) 
and agrees with more recent findings of Das et a 
(2). Further, the oval shape of the solid AL seen in 
Figs. 1A and 2C is due to its conformance to the 
cavity ereated by the solid Si and surrounding 
‘oxide shell, rather than its unconstrained equilb- 
sium shape, which isa sphere. In contrast, the solid 
Si paiticle has an anisotropic sotid-liguid 
facial energy, because it displays clear fi 
These morphological observations agree with 
the predictions of Jackson's a-parameter caleu- 
lation (5,6, 24), which yields «values for Si and 
A of 3.6 and 14, ively (based on their 
molar entropies of melting of 29.8 and 11.4.4/K), 
indicating that Si should facet and Al should not 
It al agives with other, more sophisticated, 
calculations predicting the same behavior (25), 

‘Analyses like those shown above ean be 
performed on all ALbase alloys prepared in pow= 
dcr form, because the thin aluminum oxide shell 
contains the molten metal in the high vacuum of 
the TEM. Nonponvdler forms can be examined by 
using special TEM specimen-preparation methoxls 
26), Low-vapor pressure alloys containing cle- 
‘ments such as fn and Sn, or the recently studi! 
AwGe alloys (27, 28), can also be observed in 
hhigh vacuum. For other metals and materials that 
have a high vapor pressure and do not form a 
structurally stable oxide layer, some way of con- 
taining the liquid phase has to be realized. Spec 
figuid-cell holders have been developed for 
‘TEM (29, 30) and in combination with a heating 
and cooling capability may be able to accommo- 
dae these materials in the future. For materials 
‘with higher melting temperatures (eg, greater 
than about 90) K), further improvements in the 
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temperature capability of the heating-hoklerx-ray 
detector system are needed. The use of smaller, 
brighter cletron beams in stat-ofthean TEMS 
(31) can provide chemical resolutions approaching 
atomic dimensions. Having such direct morpho- 
logical information, combined. with high -spatial 
resolution chemical analysis, illustrates the poten- 
tial for solving many important questions in 
crystallization science. Examples include whether 
the fundamental assumption of focal equilibrium 
at solid-liquid interfaces in thermodynamic and 
kinctic models is valid, whether solid-tiguid inter- 
face compositions change with crystal orienta- 
tion, and if segregation occurs at solid-tquig 
interfaces, Clarification of the formation mecha- 
nisms shown in recent studies of nanodroplets 
(27) and nanowire growth (28) may abo be 
possible 
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Fluctuation Superconductivity in 
Mesoscopic Aluminum Rings 


Nicholas C. Koshnick,? Hendrik Bluhm,? Martin E. Huber,” Kathryn A. Moler* 


Fluctuations are important near phase transitions, where they can be difficult to describe quantitatively. 
‘Superconductivty in mesoscopic rings is particularly intriguing because the critical temperature is an 
‘oscillatory function of magnetic field. There is an exact theory for thermal fluctuations in one- 
dimensional superconducting rings, which are therefore expected to be an excellent model system. We 
measured the susceptibility of many rings, one ring at a time, by using a scanning superconducting 
‘quantum interference device that can isolate magnetic signals that are seven orders of magnitude 
smaller than applied flux. We find that the fluctuation theory describes the results and that a single 
parameter characterizes the ways in which the fluctuations are especially important at magnetic fields 


where the critical temperature is suppressed. 


Uuperconductivity requires both electron 
G mies otra 

macroscopic quantum state with long- 
range phase coherence, usually described as a sin- 
ttle wave function. In restricted geometries, ther= 
mal energy allows contributions from multiple 
‘wave functions to dramatically change the behay= 
jor ofthe system (/-3). Experimental knowledge 
of such fluctuations in. one dimension (ID) is 
langely derived fiom transport measurements (1), 
‘which require electrical contacts and an extemally 
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applied curent. We used a contactless technique to 
study Muctuation eflects in isolated, quasi-1D rings 
in the temperature range where the cireumfer- 
cence is comparaile to the temperature-<ependent 
Ginzburg-Landau (G-L) coherence length, (7). 
With use of a scanning micro-superconducting 
quantum interference device (SQUID), we de- 
tected the current in many individual quasi-1D 
aluminum rings, paying particular attention to 
small currents near each ring’s superconducting 
transition temperature, 7. Such measurements 
‘have many advantages. In 1D, the current about a 
fing, J, is related to the five encngy, F. via 
Cb, where , isthe flux through the 

ring from an applied magnetic ficld, Measuring / 
as a function of ®, thus tests a fundamental 
thermodynamic variable and our understanding 


firs that are coherent about the ring’s circum 
ference 1, the ring’s cument near zero applied 
ficld is proportional to the density of pairs 
Deviations from this mean ficld solution provide 
information about amplitude and phase fluctua 
tions inthe ring. 

The mean field G-L solution predicts thatthe 
‘current near zero field should decrease linearly 0 
zero as the temperature, T, approaches To. For 
small rings, we find a measurable current above 
To. ckear signature of fluctuations, The quasi D 
geometry allows a fall numeric solution of ther- 
‘mal fluctuations in a G-L ffamework that in- 
cludes non-Gaussian fleets (5, 6), Previous 
results on a single ring at zero applied field (7) 
disagreed strongly with that theory. We studied 
fluctuations in IS rings and found that 13 rings 
agree quantitatively with a fall numeric solution, 
Which was numerically intractable forthe other 2 
rings [Supporting Online Material (SOM) text}. 

‘The results in an applied fick! are partic- 
ularly interesting. Little and Parks (8) showed 
experimentally that Je varies as a periodic fune= 
tion of @y, TAD,). At halfinteger multiples of | 
the superconducting flux quantum, p, the ener= 
gctic cost of maintaining the fNux-induced super- 
current can be linger than the condensation 
enemy, destroying superconductivity, Previous 
results (9-//) indicate qualitatively that fluctua 
tions are especially important in this regime, We 
find an enhanced response at «b= @g/2 that ean 
be quantitatively explained by G-L thermal fuc- 
tuations and demonstrate that a single parameter 
can characterize the Gaussian and non-Gaussian 
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regimes and determines where the Littk-Parks 
eflect is entirely washed out by fluctuations. 
Unlike stationary sensors, a scanning sensor 
(Fig. 1) can measure many samples during a 
single cool-down. We report measurements on 
rings with radii (R) of 035, 0.5, 1, and 2 jum: 
annulus widths (v) from 6S to 180mm; and 
thickness (d) ~ 60 nm, The scanning SQUID 
also allows excellent background cancellation 
(U2), Afier background subtraction, the signal 
(Fig, 2) is proportional to current in the ring 
Many of the features in Fig, 2 ean be ex- 
plained with the mean field response obtained 
by the minimization of a 1D G-L funetional. By 
assuming a homogenous line width of negligible 
‘width, this process gives the ring current (7), 
ATP Lg 


P wms(1 ary :) a) 


where 1/A(T? represents the superfluid density 
and 1 is the phase winding number impased by 
the single-valuedness of the macroscopic wave 
function, The different 1 states result in periodic 
H4, curves, The Mylinear term is the London 
response, where 1/A(T)P=Te(0) ~ T below Tu) 
in the temperature range of interest and O when 
T> TQ). P describes pair-breaking due to an 
onoy-Bohm phase around the ring, which 
leads to a downturn of the response at finite 
Id when (7) 2 R. In small rings, this effect 
urs well below 70) (Fig. 2, A to ©). The 
Little-Parks effect occurs in the temperature 
range where§(7) > 22, bringing P to zero for 
‘a range of applied flux. The dashed green fine 
in Fig. 2, C and D, shows the best match to 
Eq. 1 at T= 1.22 K. The data’s lange remnant 
response in the region in which the mean fiekd 
‘curve vanishes isa clear demonstration that flac 
tuation effects are important in this regime. In 

lange sings (Fig, 2D), fluctuations do 
mise before the effect of the pair-bre 


wi 
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ingivenby/ = oF) kgT gIn Ze, where 
the superconducting partition function, Z,. 
the path integral over all possible wave functions 
and ky is the Boltzmann constant. As shown in 
(5, 6) (SOM text), Ze can be written as Ze = 
Yh ae esp (-i2el, /Mp) Tg esp(—y'? Ens). 
where E,, are the eigenvalues of the 2D 
single-particle Hamiltonian, H =~ $V? + 


7°, is the angular momentum 


index and r isa fictitious position coordinate. This 
formulation allows a numerical calculation of 
J that is exact up to truncation errors. We 
‘emphasize the parameter 
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where E, = Phnpl,/31? is the conlation or 
Thouless energy, ¢ is the Riemann zeta function, 
ny is the Fermi velocity, f¢ is the mean free pat, 
and So s the Pippard zcro temperature coherence 
length. w and d enter into the effective number 
Shei ees alor al Re Lene 
is the Fermi wavelength. This combination of 
parameters characterizes the size of the rin 


Temperature only appears in the second term of 


the Hamiltonian, which can be rewritten usin 
Rrky(T ~ 7.(0))/Ee = 2 
the relation to the pair-breaki 
to indicate the region where 
3C, Thus, once the comect Ez and Tx0) 
known for a gi the current as a function 
of, and T'is entirely determined by 7. 

The data points in Fig. 3 were derived from 
Lap, curves (e.g., Fig. 2) by fitting low order 
polynomials near ¢b, ~ 0 and, = =@y2. We 
have compared these susceptibilities as a fun 
tion of temperature to the theory by using the 
measured geometry factors, the Ay and vp of 
bulk aluminum, and three parameters chosen by 
hand: fe, T.(0), and Ms.g, the mutual induc- 
tance between the SQUID and the ring. fe is 
identified by the shape of the curve as a function 
of temperature, Ms.q is determined by the 
magnitude of the response, and 740) is chose 


A Field Coils 


‘SQUID Body 
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to allow the theory to match the linear temper- 
ature dependence of the , = 0 susceptibility 
below 740). The 7:0) of the rings varied from 
1.237 to 1.268 K, with up to 7 mK difference 
for nominally identical line-width ings. Th 
fined Msg fie within 15% of the inductanc 
calculated with a model based on a 0.75-um 
ring-sensor-loop separation, The fitted f¢ varies 
between 14 and 25 nm with an increasing 
dependence on tine width. We attribute this de- 
pendence to oxygen absorbed during the fabri- 
cation process and, to a lesser extent, the 
observed 20% variations in w (12). The four 
nominally identical fine-width rings shown in 
Fig. 3 have fe = 19.5 * 0.5 nm. The agreement 
with the ID models we have discussed demon- 
strates that the finite line-width effects are not 
cesential 10 our physical result and that small 
Variations in w do not qualitatively change the 
response above T(,). 

‘Near T(®,),y characterizes the non-Gaussian 
fluctuations that interpolate between the mean 
field behavior far below Tz and the Gaussian 
fluctuations that dominate at high temperatures, 
Non-Gaussian fluctuations are important when 
quadratic expansions of the five energy cannot 
describe the physical result. This is particularly 
1) Where any Gaussian approx- 


Fig. 1. (A) Diagram of 
the direct curent SQUID 
suusceptometer. One field 
coil applies up to 50 
Gaus of field to the 
sample, whose response 
couples a magnetic fax 
into the 4m pickup 
loop. A second counter- 
wound (CW) loop cancels 
the SQUID's response to 
the applied field to within 
fone part in 10%, Addi- 
tional modulation coils 
‘maintain the optimum 
working point. (B) The 
SQUID's pickup loop 
(white) and field coil 
(ue) are positioned over 
a single micrometer-scale 
aluminum ring. In-situ 
background measurements 
allow the magnetic flux 
induced by currents in 
the ring to be unambigu 
ously distinguished from 
the applied field, which is 
up to seven orders of 
‘magnitude larger. 
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Fig. 2. SQUID signal (left axis) and ring current (right 
axis) a a function of applied flux +b, for two rings, both 
with d= 60 nm and w = 110 nm. The fluctuation theory 
(dashed red) was fit to the data (blue) through the tem- 
perature analysis shown in Fig. 3. (A to C) R = 0.35 um, 
fitted Tdby .247 K, and y = 0.075. The green line 
is the theoretical mean field response for T= 1.22 K and 
shows the characteristic Little-Parks line shape, in which 
the ring is not superconducting near @, = *bg/2. The 
‘excess persistent current in this region indicates the 
large fluctuations in the Litle-Parks regime. (D) R= 2 um, 
fitted T.(b,=0) = 1.252 K, and y = 13. The periodic 
response (right inset) shows 1D treatment is appropriate 
‘and can be approximated by a thermal average over 
mean field G-L fluxoid states (Eq. 1 and SOM text) until 
additional fluctuations contribute near Te. 


Fig. 3. Susceptibility data (symbols) and fits 
ines) at ®, = 0 (positive values) and ‘y/2 
(negative values) for 110-nm-wide 60-nm-thick 
rings with various values of R. (A) Smaller rings 
have a larger temperature region where the 
Little-Parks criterion (7) > 2R is satistied and 
thus have a larger region with a reduced «by = 
‘e/2 response. (B) +b, = 0 susceptibility scaled 
with the cross section and radius to show the 
effective mean field superfluid density around 
Te. Smaller rings have an enhanced fluctuation 
response. (C) When the temperature is scaled by 
the correlation energy, E,, the susceptibility is 
uniquely determined by the size parameter . 
The gray and green shaded regions indicate the 
temperature above T.(b,) when = 0 and /2, 
respectively. The fluctuation response above 
Td,) is enhanced for , = y/2. The dotted 
line shows a Gaussian prediction (SOM text) that 
is valid at some y-dependent temperature above 
Teb,). When y = 1, the response at , = 0 and 
the response at «, = @e/2 are comparable in 
the Little-Parks regime, which corresponds to a 
fluctuation-dominated sinusoidal /—«b, response. 
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Fig. 4. Mean field theory (green), fluctuation 
theory (dashed red), and data (blue) for three rings 
with different y parameters, The mean field 
response is derived from the fluctuation theory 
parameters for each ring atthe given temperature. 
(A) T= 1.20 K. In small rings, the Little-Parks line 
shape is clearly observable, (B)T = 1.25 K. When 
‘y= 1, the reduction of the response due to the 
Little-Parks effec is significantly suppressed. (C) 
T= 1.25 K. In large y rings the Lttle-Parks effect 
is completely washed out by fluctuations, which 
affect the responses at all flux values. 


imation would predict a divergent susceptibility 
(Fig. 3A), By using Eq. 1 t0 define an effective 
superfluid density from the zero fick! response, 
1/Rg = (ol WW\2U/C alo, «9. on can see 
(Fig. 3B) that fluctuations make the suscepti- 
bility deviate from the mean fick! response below 
TAO), gradually smoothing the transition, Our pa- 
cterizaion of the theory shows that 7 is the 
unplodeperdient parameter at T= TAO), 
perature range where non-Gaussian 


only 
The 
fluctuations are important is typically param 
terized through the Ginzburg parameter as, 
TTA) TeAeD,)< Gi, where |T- Te()\/ Ee < 
Tau 


Gi /4 U3). Inside this range, 7 determines 
thE magnitude of the response. Far above this 
range, Gaussian uctuations dominate, and the 
is a fimetion of |" ~ 7<(0)|/Ee® 


The theory’s dependence on ¥ allows us to 
state the criterion for the visibility of the Littk- 
Parks effect in the context of fluctuations. The 
rogion that is shaded in green in Fig. 3C is 
above T(tby2) because §{7) > 2R. The sus- 
ceptibilily would be zero in this regime if 
Muctuation effects were not considered. When 
¥ «1, the distinct Little-Parks shape is visible 
in thatthe susceptibility is smaller at , = @y2 
than at @ = 0. However, when y> 1, the 
Little-Parks shape is entirely washed out by 
‘uctuations (Fig. 4). For sufficiently large 7, the 
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susceptibilities at = 0 and 92 are equal and 
‘opposite even below Tel, ~ ®y2), 0 the re 
‘sponse appears sinusoidal. This dependence on 
‘y. rather than L and £7) alone, is the reason 
‘why the Litte-Parks fine shape does not occur 
in the ring shown in Figs. 2A and 4C- 

Several factors contribute to the large fuc- 
tuation response near , = @y2 above TAP,) 
Firs, the Gaussian fluctuations between Ta, 
0) and 7-(,) have a large magnitude, which is 
due to the intesplay betwoen adjacent phase 
\inding states. Insmally rings the non-Gaussian 
‘luctuation region in Fig. 3C is small. Thus, there 
is a large region where the magnitude of the 
persistent current ncar @, = 2 is sticly a 
function of hy 7 TAO)) Ee. In large y rings, non 
Gaussian fluctuations play an increased role in 
the phase diagram, and multiple phase winding 
modes need to be considered (13), indicating the 
importance of phase Nuctustions. In all rings, 
hnonhomogensous wave functions may have a 
nonnegligible contribution to the final currents 
‘because of their vanishing enengy cost neat TA) 
Small variations in width (SOM text) make non- 
homogencous wave functions. more important 
(14) and would be important 1 inelude in an 
extended theory 

Fluctuation effects play important role in 
1D superconducting structures. Our analysis 
explicitly demonstrates how Gaussian and non- 
Gaussian Muctuations aflect the persistent cure 
rent in rings with various diameters and cross 
scetions, as a function of applied magnetic Mux. 
A single parameter, y. characterizes the fluctua 
tions for a given ratio of the temperature- 
dependent coherence Kength to the circumference. 
When y is large, the signature of a Litthe-Patks 
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flux-dependent 7-(,) is entirely washed out by 


fluctuations, When y is small, the susceptibility 
in the non-Gaussian region near Tuy) is en- 
hanced, and Gaussian fluctuations are clearly 


Nisible betwen Zeb) and TAO) for @, = @o?. 
This new framework for understanding Litte- 
Parks fluctuations is supported by our data on 
flyctuation-induced currents in rings 
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Extended Male Growth in a Fossil 


Hominin Species 


Charles A. Lockwood,”?* Col 


G. Menter,? Jacopo Moggi-Cecchi,? Andre W. Keyser” 


In primates that are highly sexually dimorphic, males often reach maturity later than females, and 
young adult males do not show the size, morphology, and coloration of mature males. Here we 
describe extended male development in 2 hominin species, Paranthropus robustus. Ranking a large 
sample of facial remains on the basis of dental wear stages reveals a difference in size and 
robusticity between young adult and old adult males. Combined with estimates of sexual 
dimorphism, this pattern suggests that male reproductive strategy focused on monopolizing 
‘groups of females, in a manner similar to that of silverback gorillas. However, males appear to 
have borne a substantial cost in the form of high rates of predation. 


ul dimorphism is the only direct skeletal 
Gee na i sone 

evolution of human social behavior, and as 
such it is routinely analyzed and dcbated when 
seen in extinct hominin species (1-6), The ex- 
pectaton is that higher levels of sexual dimor- 
phism comelate with higher levels of mak-male 
‘competition and social systems in which males 
control mating access to multiple females (7). 


However, partly duc to the limitations of small 
fossil samples, estimates of dimomphism have led 
to divergent inferences about social behavior 
fonsil hominins, ranging from monogamous 10 
highly polygynous groups. Here we combine 
analysis of dimorphism with another aspect of fife 
history—differences between males and females in 
the timing of maturity ($)—and use the results to 
evonstruct social behavior, 
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We focus on Paranthropus robustes, a South 
Affican robust australopithecine, because there are 
4 Tange number of specimens available (35 were 
used in our stay). This species is known primarily 
from the Swankrans site, Kromdraai, and recent 
finds trom Drimolen (9, 10). The P. robustus 
depewits at these sites have buen dated to 1.5 10 2.0 
million years ago (/0- 72) In eeder to compare sie 
to relative age among aduls, we only considered 
( M3 eruptod, (i) sulficient parts 
mandible reserved to compare size, 
«and (i) postcanine teeth well enough preserved to 
determine age fiom the reitive degsee of tooth 
\Weat, This selection resulted in 19 specimens ofthe 
face or masilly, 17 of which are from Swankrans, 
and 1 each fiom Drimolen and Kromdraai. For 
ruanaibles, 16 specimens mext the criteria, of which 
10 are fiom Swartkrans, 3 from Drimolen, and 
| fiom Kromdnai (Table 1), Because many spec- 
mens are fiagmentary, we detennined a non 
parametric ranking of individuals based on overall 
size rather than a specific measurement (/3). Age 
ranks were determined on the basis of woth wear 
‘of the posteanine my, following generally ac 
cepted methods (/3, 14), The sample represents 
nearly every stage of dental wear from young 
adulthood 10 old age (15). 

From this analysis, we infer that maximum 

(presumably mile) size was greater among okt 
adults than young adults (Fig. 1), Old adults in the 
highersize ranks also had the most welldevelopet 
morphology With respect to features diagnostic of 
the P robuestes fe, such as the anterior pillars and 
maxillary trigon (/6) (Fig. 2). Based on the ontog- 
ceny of sexual dimomphism in modem primates 
(7), we interpret this pattem as continued growth 
in mas between early skeletal adulthood and fall 
maturity, Minimum size, on the other hand, occurs 
throughout the aye range. For example, SK 21 is 
the oldest specimen in the sample of maxilla, but 
also the smallest, Because small, relatively gracile 
individuats occur at every age, we conclude that 
females have reached full skeletal size by the time 
M3 has erupted oF soon thereafter. 
Extended male growth oceurs in primates 
when male reproxhictive success is concentrated 
in a period of dominance resulting from intense 
rmale-make competition (/7, 18) Climbing the 
dominance hierarchy typically involves not onky 
an increase in size but also changes in soft-tissue 
anatomy and, in some taxa, coloration (/8). Bima- 
turism can be interpreted as part of a male sratezy 
todelay competition with high-ranking males until 
the likelihood of success is ereatest (17, 19, 20), 
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In primates showing bimaturism, sexual i- 
morphism in the eruption of the last permanent 
tooth (MB of the canine) is clearly less than the 
differences in reaching maturity in body mass. For 
‘example, make and female gorillas complete dental 
emergence at similar times (2/, 2), but gorilla 
male growth in body mass continues for years 
(27), and mate gorillas do not become socially 
adult until as much as $ or 6 years after fe 
(23), In 4 more extreme ease, eruption of the 
ppemanent tecth in mandrills is completed in 
males before females (24), but makes continue to 
‘grow in body mass and body length far several 
‘years (25). Diflerences between dentally mature 
males and physically or socially mature males are 
thus well-recognized in modem primates, 
‘Understanding sexual dimorphism in P rofstus 
has been aided by the discovery of DNH 7, a 
‘complete skull from Drimolen (9, 10). It is sub- 
stantially smaller than the well-preserved skulls 
of P. robusnes from Swartkrans (such as SK 12, 
SK 46, SK 48, and SK 83) and Kromdraai (TM 
1517) (table $1). Differences between DNH 7 
and ager individuals are consistent with those 
expected between females and males. For ex 
ample, the lager individuals have sagittal crests, 
reaching onto the frontal bone, as well as deeply 
[projecting mastoid processes, whereas DNH 7 
Tacks a sagital crest and has reduced mastoid 
regions. The degree of size difference between 
DNH 7 and larger, presumably make specimens 
can be explained by a gorillalike level of sexual 
dimorphism but not the lower levels of dimor- 
phism seen in chimpanzees and! modem humans 
(supporting online material). Furthermore, itis 
Unlikely that any of the other relatively complete 
skulls are female. In comparison 1 extant horn 
inoids, the difference between even the smallest 


of the previously known crania (TM 1517) and 
DNH 7 is statisically greater than would be ex- 
pected within the range of variation of females 
(supporting online text and table $2), The size of 
NI 7, in combination with an understanding of | 
male fife history, helps resolve the sex of spec 
Jmens such as SK 48 and TM 1517 (26, 27), The 
two latter specimens are best regarded as youn 
adult males, 

‘A bias toward malesamong the wellpreserved! 
skulls isalso reflected in the sample of maxillas as 
a whole (28), Specimens such as SK 21, SK X21, 
and SKW 8 are similar in size and proportions to 
DNII 7 and are probably females (these are size 
ranks 1 and 2 in Fig. 1), whereas all other speci- 
mens show male size andor morphology’ (sup- 
porting online material, We conclude that the 
maxillofacial specimens represent 4 females and 
13 makes overall, and 3 females and 14 males for 
the Swartkrans sample only, This distribution de- 
Viates significantly from random sampling 
‘unbiased population (using a two-tailed binomial 
test and assuming a $0:50 ratio, P= 0.0192 for the 
‘overall sample and = 0.0127 for Swartkrans). 

‘An abundance of males is perhaps not sar 
prising in a fossil sample that resulted largely 
fiom predation, Direct evidence of carnivore 
tivity is present on several homninin specimens at 
‘Swartkrans, and member 1 of this site is among 
the most definitive examples of a predat 
accumulated assemblage of hominins (27, 29), 
In dimoephic primates, nondominant males spend 
‘more time alone, on the periphery of a social 
‘group, oF in small all-male bands (30). Solitary 
behavior places males at risk (37, 
ample, when male baboons disperse, the 
a mortality rate at least three times as great as 
that of group-living males or females (32), This 


Table 1. Ranking of size and age (displayed in Fig. 1). Swarthrans member 1 (M1) includes all 
specimens from deposits referred to as the lower bank and the hanging remnant [see (12) for 


explanation}. 
Mavillas Mandibles 

Specimen _Provenience Age Size Specimen Provenience Age _ Size 
skKW 11 SwartkransM1 13 TM1517 —Kromdraai B a 4 
M1517 ——_Kromdraai B 1 4 SKWS — SwartkransM1 22 
SK 48 SwartkransM1 «1G DNH8 ——Drimolen 1 & 
Sk a9 SwartkransM. = 1b SKK 5013 SwartkransM2 0-21 
SK 821 SwartkransM1 «22 SK 23 Swartkrans M122 
SK 65 SwartkransM1 24 Sk 34 Swartkrans M124 
SK 57 Swartkrans M12 Sk 858 SwartkransM1 2S 
SKW 29 Swartkrans M12 DNH7 ——_Drimolen . 3 
ONH 7 Drimoten A DNH 21 Drimolen 42 
skin Swartkrans M1 4S Sk 844 Swartkrans M143 
SK 826/877 Swartkrans M1 4B SK74A —Swartkrans M1 $3 
KW 12 Swartkans M2 4 DNH19 —Drimolen 5 6 
KW 8 Swartkrans M152 SK 1586 SwartkransM1 5S 
SK 46 SwartkransM2 SS sk 81 Swartkans M1 56 
SK 79 SwartkansM1 5 6 DNH 6 ——_Drimolen. 6 5 
SK 1512 Swarthransw1. SB sk iz Swartkrans M167 
SK 83 Swartkrans M167 

sk 12 Swartkrans M1 GB 

Sk 2a Swartkrans M171. 
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degree of difference in mortality matches the 
bias at Swartkrans. Females were apparent 
ly more shielded from predation. Putting this 
‘observation together with the conclusions about 
mn, we infer that 


aturism and sexual dimorpt 
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Fig. 1. Comparison of size ranks to age ranks for 
adult maxillofadal and mandibular specimens 
(Swartkrans, diamonds; Drimolen, squares: Krom- 
draai, triangles). Table 1 lists the specimens used 
here. The lowest age rank contains individuals 
with MB recently erupted. The largest individuals 
are more advanced in age, showing at least some 
dentine exposure on M2. When a randomization 
test of correlation coefficients és used, age and 
size are significantly correlated among the male 
maxillofacial specimens (r = 0.52; P = 0.027, 
one-tailed test, 5000 permutations). 


Fig. 2. Size and morphological comparisons among DNH 7, SK 48, SK 12, 
and SKW 12 (from left to right). They are aligned approximately on the 
cementum-enamel junction of the molars, indicated by the lower line. Upper 
lines indicate the level of the inferior nasal margin as a general size com- 
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the distribution of food sources allowed stable 
maps of Pro 
to predation pressure, and males in tum so 
monopolize reproductive access to these 
(33). If females emigrated from their natal 
waps, then itis likely that they spent little time 
alone and transferred directly to a make or an 
¢stablished group [as occurs in gorillas (30, 34) 

The P robusnes pattern contrasts with that of 
other australopithecine collections. For ex- 
ample, the sample of Ausralopithecus africanus is 
either biased toward females or shows no bias (4) 
The A. africunus accumulation from Sterkfontein 
member 4 may also be the product of pre 
behavior, but this conclusion is ke 
for the Swankrans sample ( 
Swartkrans member ! and Sterkfontein member 
4 hominin collections are largely attributable 10 


tustus females to form in resp 


camivore activity, the difference in sex bias raises 
the possibility that P. robustus and A. africanus 
differed in social structure 
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Boron-Toxicity Tolerance in 
Barley Arising from Efflux 
Transporter Amplification 


Tim Sutton,” Ute Baumann, Julie Hayes, Nicholas C. Collins, Bu-Jun Shi, Thorsten Schnurbusch, 
‘Alison Hay, Gwenda Mayo, Margaret Pallotta, Mark Tester, Peter Langridge 


Both limiting and toxic soil concentrations of the essential micronutrient boron represent major 
limitations to crop production worldwide, We identified Bot2, a BORZ ortholog, as the gene responsible 
for the superior boron-toricity tolerance of the Algerian barley landrace Sahara 3771 (Sahara). 

Botd was located atthe tolerance locus by high-resolution mapping. Compared to intolerant genotypes, 
Sahara contains about four times as many Botd gene copies, produces substantially more Bot transcript, 
‘and encodes a Bot1 protein with a higher capacity to provide tolerance in yeast. Bot! transcript levels 
identified in barley tissues are consistent witha role in limiting the net entry of boron into the root and in 
the disposal of boron from leaves via hydathode guttation, 


Fall plant nutrient elements boron has the 
Ov ange between deficient and 

toxic soil solution concentration (J), snd 
both boron deticieney and toxicity severely limit 
‘top production worklwide (2,3), Toxicity ismore 
dlitticultio manage agronomically and is best dealt 
with by using boror-tolerant varieties. Genetic 
Variation for boron-toricity tolerance is known for 
‘a number of erop plant species. Tolerance is most 
‘commonly associated with the ability to maintain 
ow boron concentrations in the shoot (4-6). In 
birley (Hordewn vulgare), the nonsagronomic but 
highly boron-tolerant Algerian landrace Sahara 
3771 (Sahara) was identified as a source 
‘of tolerance for variety improvement (4,7). In a 
‘ross between Sahara and: the boron-intolerant 
Australian malting variety Clipper, several quat- 
titative trait lei (QTL) controlling tolerance were 
identified (8). The major locus on chromosome 
4H atigets lea’ symptom expression (Fig. LA), 
boron accumulation (Fig. 1B), root fength re- 
sponse, and dry matter prodhiction under boron- 
toxic conditions (8). The ability of Sahara to 
maintain lower shoot boron accumulation is at 
Jeast partially duc toa mechanism of ative boron 
efflux from the wot (9). 

We followed a map-based approach to isolate 
the 411 boron-tokrance gene, Using a population 
representing 6720 meioses and gene colincarity 
\ith the syntenic region on rice chromosome 3 
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to generate markers, we delimited the tokeran 
Jocusto a 0.15-cenkimongan interval betwoon mark 
em XBMITS and xBM162 (Fig. 2A and fig. S1) 
(UO). The comesponding 112-Kb interval in rice 
contains two intact copies and one ¥-truncated 
Version of a gene showing similarity to a family 
‘of adenosine monophosphate (AMP) dependent 
synthetases and figases and no other predicted 
gene. Barley expressed sequence tags (EST) 
most closely matching one of the intact copies 
were used to derive the marker x#M/60, which 
coeyregated with the tolerance locus. 


rs 


os. 


Boron concentration (gh ery weigh) 


\S 
MAS 
{ 


Cpper_ Sahara, Cipper 
(O05 mM HjBO, 1 mM 3803 


} 
i) 
° 
Fig. 11. Genetic variation for boron tolerance in barley. 
(A) Boron-toricity symptoms in leaf blades of boron- 
intolerant (Clipper) and boron-tolerant (Sahara) barley 
plants. Approximately eight of the oldest leaf blades from 
po 


single plants are shown 14 days after boron treatment. (B) 
Sahara accumulates less boron in leaf blades after 


Ina parallel approach, we ako mapped several 
candidate genes in barley. These were barley 
genes showing similarity 10 the Arabidopsis 
NIPS;1 major intrinsic protein (//) and the 
Arabidopsis BOR efflux transporter that is 
related to bicarbonate transporters in animals 
(12, 13). Both Arabidopsis wenes are required for 
hheahhy growth under conditions of Jow boron 
supply. However, in plants the genes involved in 
bown-tonicity tolerance may be related to those 


shown to function in boron efficiency. Com 
parisons of harley ESTs revealed four BOR? 
(A2g47160,1) related genes, Mapping localized 


‘ane ofthe barley genes (Bor/) 10 the region of the 
bborontolerance QTL on 4H (8), Subsequently, 
marker developed fiom the 3° end of Bot was 
found to cosegregate perfectly with the tolera 
Jocus in our high-resolution mapping population 
(Fig, 2A), strongly suggesting that Bot! encodes 
the boron tolerance fiom the 4H1 locus. Although 
colincarity was found to be high 
), the corresponding inter= 
\al on rice chromosome 3 lacks a BOR! ortholog, 
and the rice gene most closely resembling Bor 
(301 g08040) (Fig. 2B) resides on chromosome 1. 
Souther hybridization with the use of a 
Clipper derived Bot probe gave a stronger signal 
in Sahara than in Clipper and other boron- 
intolerant genotypes, indicating the occurence of 
adklitional Bot! copies in Sahara (fi. S2). A num 
ber of restriction enzyme digests revealed hy brid- 
izing Sahara fragments of mostly a single size (es 


ost is 2 
1380; i growth soliton (i) 


‘growing for 14 days in a range of solution concentrations. Data are means + SEM (n = 3 plants). 
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$2), sugzesting that the Bot! copies in 
Sahara are highly’ similar. With Dra 1, which dis- 
Tinguishes the Bot! Clipper copy from the Sahara 
copies, all Bot! genes could be mapped and were 
found to cosceregate with boron tolerance in the 
(Clipper-by-Sahara Fy- derived doubled-haphoid po- 
Pulation, indicating that these genes occur in a 
cluster: Quantitative real-time fluorescence poly 
merase chain reaction (QPCR) analysis using 


genomic DNA as the template indicated that 
Sahara contains about four times (3.8 = 0.17) 
more copies of the gene than Clipper. 


QPCR performed using CDNA as a template 
revealed that Bor! transcript levels in Sahara were 
~160- and 18-fold higher in roots and leaf blades, 
respectively, as compared with Clipper (fig. $3), 
‘This increase in Bor! transcript levels exceeds the 
fourfold increase in the Bot! copy number in 
hara, suggesting that factors additional to gene 
duplication may contribute to increased Bor! 
transcript levels in Sahara, We performed a 
comparative promoter analysis between the 
Clipper and) Sahara Bor/ alleles to search for 
differences that could account for the observed: 
Variation in transcript Kevels. Over a 
on upstream of the mRNA tran- 
scription start site, the Clipper and Sahara Bot! 
promoter regions are 96% identical. On the 
basis of database searches, no substantial differ- 
‘enees were detected in known regulatory cements, 
More work will be required to determine the 
actual effect of these changes on Bot! transerip- 
tion in barley. In any case, the greater transcript 
fevels in Sahara, relative to Clipper offer an 
‘explanation for the funtional diffrence between 
borontolerance and intolerance alleles and 
provide additional evidence supporting Bor! as 
the ene controlling boron tolerance at the 4H 
focus. In both roots and keaf blades, transcript 
Jevels were unaltered by exposure to a ringe of 
boron concentrations (fig, $3), Lack of transerip- 
tional activation of a boron-tolerance mechanism 
is consistent with the rapid boron efflux. from 
Sahara roots observed alter the addition of either 


Fig. 2. Bott mapping and A 
Phylogenetic analysis. (A) 
Barleytice comparative map- 
ping of the boron toxicity— 
tolerance locus on chromo- 
some 4H. Numbers indicate 
recombinants. identified for 
‘each marker interval. The re- 
lated rice chromosome 3 
(Ap008209) interval spans 
the position from base pairs 
1,861,805 to 1,873,065. 
Colored arrows | to Vill te 
denote the position and 


‘orientation of predicted rice genes 0s03g0133300 (hypothetical protein), 
{0503g0133400 (peptidoglycan-binding Lysit domain-containing protein), 
050390133500 [AMP binding protein 1 (AMPBP3)]. 050390133600 
(AMP-dependent synthetase and ligase domain-containing protein), 
050390133800 (AMPBP1), 050390133900 (serine acetyltransferase), 
00390134000 (MuDR transposase domain-containing protein), and 
‘050390134300 (adenosine triphosphate phosphoribosyl transferase), re- 
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nontoxic or toxic quantities of boron (9) and the 
similar rank order of shoot boron accumulation in 
different genotypes grown over a range of boron 
concentrations (4). 

‘The ability of Boll to function as a boron 
transporter was confirmed in yeast (Sacchareamyces 
cerevsine) Initially, we serecned ~2 million clones 
from a Sahara wot cDNA expression library for 
their ability 10 confer boron tolerance 10 yeas. 
Three clones corresponding to Bot! were obtained 
that allowed yeast to grow on high boron media, 
The Bot! clones contained complete open reading 
frames (ORFs) and were identical in sequence. In 
‘yeast, we then compared the ability of Sahara Bot! 
\ith that of Clipper Bot! or Arabidopsis BOR] to 
confer boron tolerance. Yeast expressing Sahara 
Bot! grow better than yeast expressing Clipper 
Bot! ins the presence of high boron on both a solid 
medium (Fig. 3) and in liquid culture (ig. S4), 
Cells expressing cither Sahara Bot! or Clipper 
Bott so maintained ~24 oF 20% less cellular 
boron, respectively, than cells expressing the 
empty vector control (fig. S4). This isin spite of 
the fact that at physiological pit boron exists 
principally as undissociated boric acid (Dy) 10 
PKs = 9.2 138, where Ky is the acid dissocia- 
tion constant), to which membranes are relatively 
penneable (14), Additionally, as compared with 


Fig. 3..Botl provides boron OmM H3B03 
tolerance in yeast. Growth 
of 5. cerevisiae aaa aid 
medium conta 
or (right) 20 mil pale 
mental HyB03. Each plate 
shows two independent 
yeast clones containing ei- 
ther empty vector, Sahara 
Bot1, or Cipper Bott (eft 
to right in each paned. 
Plating was 2 10 ul aliquot 
‘of 10-old serial dilutions 
down the plate (top to 
bottom in each panel) 


Gramene (29). 
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BORI of Arabidopsis, we could show that Sahara 
Bot] hashigher boron efflus transport activity and 
capacity 19 provide tolerance (ig. SS), These results 
confirmed that Bod. like BORI of Arabidopsis, 
«encodes a functional boron efllus transporter and 
that Sahara Bott has a higher eapacity wo provide 
boron tolerance in yeast than Clipper Bott or 
BORI. None of the clones idemtitied by the library 
screen comesponded 10 the tolerance cosegregat- 
gene BM 60, further supporting the notion that 
Bor] and ne BM160 is the tolerance pene (73), 
The Sahara Bot! mRNA (accession number 
EF660435) is predicted to encode « 666-aanino 
acid protcin with 1010 12 putative transmembrane 
helices (lig. S6). Within the ORF, Clipper Bot! 
jaccession number EF660437) differs by 11 nue 
leotides, 2 of which result in differences t0 the 


translated protein: Leu’ — Ser*® and Asp"? — 
Giy®. Residue change 30 [Leu (hydrophobic) 
to Ser (polar)] in transmembrane helix eight 


‘may impart a conformation change, and residue 
change 592 [ Asp (polar) to Gly (no side chain)] 


is likely to be located within the intracellular 
eo 


cauboxy! terminus. Both changes could 
boron transport. Bot! showed greater seque 
similarity 10 several other Arubidopsis BOR|- 
related proteins than to BORI itself (Fig. 2B 
'S7), consistent with Bor serving a 


20 mM HyBO3 


spectively. Accession numbers are: xBot1, BV723959; xBM160, BV723960; 
xBM165, BV723961; xBM178, BV7239%6: 

xBM162, BV723964. (B) Phylogenetic tree including Bott- and BORI-ike 
proteins from rie (green) and Arabidopsis (blue), constructed using PHYLIP 
(26), Numbers separating junctions are bootstrap values. The closest rice 
‘ortholog of Bot! is 0s01g08040. Locus accession numbers are according to 


x8M181, BV723963; and 
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different role than BOR/, which is required for 
boron efficiency. Overexpression of one of these 
BORI-related genes in Arabidopsis improved 
boron tolerance (76), further supporting our 
hypothesis. The genomic sequence of a Bot! gene 
{accession number EF660436) was obtained from 
clone (accession number EUIT6161) of a 
tnicterial artificial chromosome library we con 
structed from a barley doubled-haploid line 

¢ Sahara 411 boron-tolerance allele 
This sequence was identical to the ¢DNA in the 
coding Sequence, and it contained 13 exons and 
1 2introns, including a 941-base pair intron inthe 
5" untranslated region (fig, S6). 

Bot! mRNA was localized by in situ hybrid- 
ization to basley-root and leal-blade tissue sections 
(Fig. 4, A 10 J). In ots, staining was strongest in 
all cell types of the meristematic and elongation 
‘ones at the tip Fig. 4, Land J). Within eylindrical- 
sheath tissues (Fig. 4, G and H) staining was 
strong in all cells of the youngest leaf bladks, 
QPCR from 10-mm segments taken along the 
root revealed that Bor/ mRNA level, expressed 
aasaproportion of total RNA content, was slightly 
igeater in more mature root segments than in end 
segments containing root tips (Fig. 4K), The 
lower levels of staining in mature roots may re- 
fleet the proportionally lower volume of eyto- 
n these cells, but the significant transcrip 
ved by QPCR in mature 
roots indicate a role for the transporter in both 
growing and mature sections of the roots, The 
Bot! mRNA detected in young cells could poten- 
tially serve the dual role of limiting symplastic 
boron concentration (and hence toxicity) and 
helping to maintain a high boron supply to newly 
ming primary cell walls where boron fois an 
essential component of the pectic polysaccharide 
rhamnogalacturonan 14/7) It is probable that 
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Bot! mRNA localization in mature roots helps to 
efflux boron from the roots. In older eat blades, 
Bot! mRNA staining was strong in mesophyll 
adjacent to enlarged vessels near the margins and 
was strongest at the tips (Fig. 4, A and B). In 
barley, leaf-blade tips are the site of guttation 
bby hydathodes. Bor! mRNA localization here 
suggests an additional role of Bot! in facilitating 
‘boron removal from the Ira blade via guttation 
fluid and hence in reducing boron toxicity in the 
leaves (18-20), Guttation has previously been 
shown to be a route by which substantial amounts 
fof boron can be removed from leaves (18) In 
field conditions, rainfall decreases boron concen 
ations in shoots of barley (2/) and wheat (22). 
tn Australian barley crops, grain yield has been 
estimated 10 be reduced by 17% as a result of 
boron toxicity (23). The importance of boron 
tolerance throughout Central and West Asia and 
North Africa is based on an observation that 
Jandraces of barley and wheat sourced from these 
regions tend to show high levels of tolerance for 
example, the line used in the current study 
(Sahara) and fines from Turkey (24), fraq, and 
Afghanistan (25). Poor adoption of modem 
Varieties in some of these arcas (26) 
associated with boron 
evidence that boron toxicity will become an in- 
creasing problem on imigated land, ovincident 
with salinity (5) 
Barley breeding programs in Australia have 
ised linked molecular markers to introgress the 
Sahara Bor! allele into commercial barley cul- 
tivars. However, lines carrying the introgression 
can potentially be lower-yielding than the reci- 
pent cultivars (27). We currently do not know if 
this potential yickd reduction is the result of plci- 
cotropic effects of Bot! itself or is due to linked 
deleterious alleles from the otherwise unadapted 
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landrace Sahara, To help break unwanted associ- 
ations, lines carrying recombination events di- 
rectly adjacent to Bot! have been identified and 
supplied to breeders, The identification of Bot! 
a the gene controlling the 4H QTL now offers 
new paths for dealing with bown toxicity 
Diagnostic markers are being developed for use 
in barley breeding and selection stat 
should also be possible to 

plants by transformation, The abi 


under appropriate transcriptional regulation, the 
gene may be of value in engineering tolerance in 
wide range of plant speci 
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Genome-Wide Experimental 
Determination of Barriers to 
Horizontal Gene Transfer 


Rotem Sorek,** Yiwen Zhu,” Christopher J. Creevey,” M. Pilar Francino,* 


Peer Bork,” Edward M, Rubin??* 


Horizontal gene transfer, in which genetic material is transferred from the genome of one organism to 


that of another, has been investigate 


‘microbial species mainly through computational sequence 


‘analyses, To address the lack of experimental data, we studied the attempted movement of 246,085 genes 
from 79 prokaryotic genomes into Escherichia coli and identified genes that consistently fail to transfer. 
‘We studied the mechanisms underlying transfer inhibition by placing coding regions from different 
species under the control of inducible promoters. Our data suggest that toxicity to the host inhibited 
transfer regardless of the species of origin and that increased gene dosage and associated increased 
‘expression may be a predominant cause for transfer failure. Although these experimental studies examined 
transfer solely into E.coli, a computational analysis of gene-transfer rates across available bacterial and 
archaeal genomes supports that the barriers observed in our study are general across the tree of life. 


he rapidly. accumulating sequenced o- 
| nnomes of bacteria and archaea reveal the 
role of horizontal gene transfer (he non 
‘sexta exchanige of genes across hieranchal bound 
aries) in shaping noncukaryotic genomes (7, 2) 
exchange has been documented for nearly 
all types of genes and atall phylogenetic distances 
(2). These observations: have sparked debates 
about whether microbial genes can be used for 
phylogenetic classification, because the proposed 
lack of barriers to gene transfer between enomes 
suggests that a trelike clasitication of micro 
‘onganisms might be impossible (4, 5). 

Identifying the limitations of gone transfer is 
hampered because nearly all transfer events have 
been inferred on the basis of sequence analysis of 
rierobial genomes. Computational approaches, 
incluing detection of nucksotide oF coxton compo 
onal biases and atypical distribution of genes, 
identify signatures of transfer events predicted to 
have occurred millions of years ago (6). On the 
basis of such studies, specific categories of genes 
Were sugested as less prone to transfer, and 
hence potentially useful as phylogenetic markers 
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(7. 8), but the validity of this idea relies nearly 
exclusively on computational evidence (). The 
[paucity of experimental and quantitative data on 
horizontal gene transfer, therefore, impedes our 
ability to understand the extent and limitations of 
this phenomenon, 

Natural gene transfer is largely mediated by 
naked DNA uptake (ransformation), viruses 
(transduction), and plasmids (conjugation) (9). 
When a micmbial genome is being sequenced, 
rmuiple copies of the genome are randomly 
sheared into overlapping fragments of DNA 
(typically to libraries sized 3 kb and 8 kb), and 


Fig. 1. Coverage plots 
created on the Artemis 
‘genome browser (20) of 


plasmids containing the cloned fragments are 
transformed into an E, col cell (0), The ends of 
the cloned fragments are then sequenced, and 
overlapping sequences are used for genome as- 
sembly, Because cloned fragments contain the 
fall set of genes belonging to the sequenced onga- 
nism, microbial genome sequencing can be viewed! 
a a langescake experiment in horizontal gene 
transfer to E. coli, where each gene in a given 
ssenome undergoes multiple transfer attempts 10 
the host with an extrachromosomal plasmid In 
the course of neatly all prokaryotic sequencing 
projects, a smal fraction of the organism's ge 
nome fails to clone in £ coli, resulting in se 
quence gaps. The sequence for these gaps is 
sequired during a clone-independent stage termed 
“finishing.” eventually producing an_unbroken 
sequence of the onganism’s genome (11). 

‘We explored the limits to horizontal transfer by 
enable (“untrans- 
) genomic wgions. OF the 85 finished mi 
bial yenomes with accessible original seque 
reads, we selected 79 (including 75 bacterial and 
4 archaeal) with sufficient clone coverage for 
<dtailed analysis (SOM Text and table S1) (/2) 
We used the original sequencing data to map the 
clone positions on these genomes. Overall, this 
data set included 1,873,649 clones spanning more 
than 8.9 billion bases of genomic DNA fiagments 
successfully transferred into an E; col host 

We next explored the transfor of the indi- 
vidual genes residing in the 79 analyzed ge- 
nomes. For each of the 287,884 annotated enes 
contained in these genomes, we calculated the 
number of clones fully spanning the gene on the 


il 
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basis of the mapped clone positions. We con- 
sidered only genes 1.5 kb or less (246045 genes, 
representing 85% of all annotated genes), be- 


anaes Femicutes 


‘Instances of transfer resistance 


coo 
%6 coaosas 
14 COGO776 
12 cocosea 
10 COG0008 
¥0 coGo206 
10 coGoas 
10 coczeas 


Rows are genes, according to their COG classification (27). Columns represent 
the 79 microbial genomes analyzed, arranged by their phylogenetic relation- 
ships as determined by a Maximum Likelihood tree analyst of 16S rRNA 
sequences (12). Unclonable genes are denoted by black boxes. The leftmost 
column indicates the number of genomes from which the gene was notable to 
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‘cause larger genes are less likely to be covered 10 
their fall length by multiple clones. The average 
number of clones covering each of these 246,045 


genes to its full length was 22.57, indicating that 
each gene underwent, on average, more than 22 
independent transfer attempts to the hos. 


rotates 


be transfered. Universally single-copy genes are hightghted in green. E.coli 
(Gammaproteobacteria) genes that could not be cloned into the E coll 
sequencing strain even when originating from an E.coli HS genome are 
marked red. Percentage of GC for each of the genomes is color coded at the 
‘bottom of the figure. Darker colors indicate a higher GC content. The histogram 
below depicts the number of unclonable genes per genome (table S1). 
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We used the clone coverage distribution 10 
identify genes unclonable into the E.eali host. To 
exclude the possibility that cloning biases are 
random or human-introduced, we compared clone 
umong gencmes of closely related species. 
mes presented relatively similar cov 
patterns, with the same sets of orthologous 
fiom several different 0 
ced clones, supporting 
‘clone deficiency is kngely gene-cependent. Compar- 
ison of four Shvwunella species offers an 
for the high reproducibility 
73 of 99 (74%) Shewanella sp, MRA genes found 
to be uncloned into E.coli were also unclonable 
when transferred from at least one of the three 
other Shewanella species examined (Fig. 1). 


from sequi 


sample 


of clone deficiency 


OF the genes inspected, we reconded 1402 
instances (642 different genes) in which an 
annotated gene was not fully represented in any 

‘marked these as untransferable 
to E.coli [with an estimated false positive pac- 
diction rate of 09% 10 1.3% (12)]. In 1064 
(76%) of these events, the same gene was 
uunclonable to E coli from two oF more different 
genomes. Sixty-one genes (477 events, 34% of 
total events) could not be clonod from five or 
more different genomes into E. coli (Fig. 2) 
The high transfer failure rate for cenain gene 
families across several genomes further suguests 
that specific genes, rather than the experimental 
protocol or random biases, may cause this lack 
of horizontal transfer. 


Fig. 3. Toxicity results for the first nine genes tested (table S2) and a control gene (Beta-galactosidase 
from E. coli). The coding regions of predicted uncionable genes were cloned into the pET11 vector 
under the control of a T7 promoter, transformed into E. coli BL21(DE)plysS cells, and streaked on LB 
plates. Cells grown (A) without the expression-inducer IPTG, (B) with 250 j IPTG, and (C) with 800 yt 
IPTG. 1, Replication initiator DnaA from Shewanella denitrficans; 2, Histone-ike DNA binding from 
Psychrobacter cryohalolents; 3, DNA polymerase Il, beta subunit from Deinacoccus geothermatis; 4 
Cell division protein FtsZ from P. cryohololentis; 5, Chaperonin Cpn0 from Nitrosococcus oceani; 6, 
OmpAMotB from N. oceani; 7, Ribosomal protein $12 from Rhodoferax ferrireducens; 8, Ribosomal 
protein La/Lte from Burkholderia sp. strain 383; 9, Ribosomal protein L3 from P. cyohalolents 


‘eosomal prot $12 
‘coor protan LAA te 


Pronmobctens 


Fig. 4. Toxity of ribosomal protein S12 (COGO048) (top row) and ribosomal protein L4/L1e (COG0088) 
(bottom row) from 31 microbial genomes. Columns represent species, arranged by phylogenetic cas- 
sification, with different colors representing different groups (names indicated above). ORFs were cloned 


into the pET11 vector adjacent to a T7 promoter and transformed into E. cali BL21(DBIplysS ces. Colony 
growth was tested without gene expression and after i 


luction of expression with various concentrations 


of IPTG. Black boxes indicate growth inhibition after activation of expression; white boxes indicate that no 


growth inhibition was observed (details in table $3). 


EPO 


ranser inthe wild is believed 
tobe madiated by the ransler of single as well as 
multiple copiss of the DNA, the cloning vectors 
used in most small-insent sequencing libraries exist 
in 20 to 100 copies per cell (3, 14). We examined 
the impact of single- versus multiple-copy trans 
fers by studying the subset of 35 sequenced ge 
omes where, in addition 1 the smallinsen 
nents (35 kb) of the microbial 
genome were propagated in fosmids, which 
typically exist in a single eopy per E. coli cell 
(15) table SI) In 124 out of 483 26 
genes in these genomes, the genes were also 
covered by zero ( ly ewer (4%) 
fosmid than expected (fi The consist 
cacy of functional results obtained with mult 
copy plasmids and with single-copy fosmids 
suggests that a considerable portion of the ob 
served lack of transfer is not solely due to high 
‘py number and thatthe barriers described in this 
study are gene copy-number independent 

We selected 40 gones that resisted transfer 
more genomes into E coli and were 
© the coding regions of 39 of these 
an expression vector system that strongly 
suppresses the expression ofthe cloned gene inthe 
absence of the expression induser isopropyl fo- 
thiogalactopyranoside (IPTG) (table S2 and SOM 
Text). In the absence of induc growth 
was observed, However, upon induction of ex 
pression, 32 of the 39 genes (82%) inh 
E coli growth, indicating that the products of these 
genes are toxic to the host (Fig. 3 and table $2) 
which explains the lack of transfer observed inthe 


genome sequencing da 

Although we identified 
transfer-resistant from a wide range of prokity 
‘tes, no single gene was untransferable among all 
genomes examined (reflected by the absence of a 
horizontal line of black squares running across the 
complete list of organisms in Fig. 2), This: was 
‘coupled with the observation that the resistance to 
transfer of genes tended 10 be similar among 
closely related organisms (Fig. 2). A possible ex: 
planation is that promoters (usually found adjacent 
to the gene and hence transferred with it) fom 
some spocies may be recognized by the host Ecol 
transcriptional 


mes that were 


may drive the 
to growth 
crs of other species are 
nntactive in the Ecol call Indeed, sequences fom 
Firmicutes were previously shown to dive strong 
expression whe 

(16), which is consistent with Finnicutes having 
high numbers of transfer resistant genes (Fig 
GC-rich genomes tended 10 have fewer um 
transferable genes, th obser- 
ns that promoters recognized by E, coli are 
GCpoor(/7). Therefore, we predicted that some 
of the genes cataloged as nontoxic would be 

if their promoters were active in E: coi 

To test this, we examined two relatively 
nes, ribosomal protcin L4/Lte 
(COGOORS) and ribosomal protein S12 
(COG0O4S), Each of these genes did not transfer 


hiinery 


expression of the foreign gene lea 


tested 
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in 9 of 79 yenomes (Fig. 2). We isolated the 
coding sequences of these genes fiom 31 mi- 
eroorganisms for which genomic DNA was 
readily obtainable, including 26 organisms in 
‘which transfer resistance had not been observed 
‘on the basis of genome sequencing, and cloned 
them into the inducible expression system de 
scribed above. Clones holding these genes grew 
normally in the absence of inducer. However, 
growth inhibition was observed in $3 of 62 (85%) 
‘lanes when expression of the cloned gene was 
induced by low IPTG concentrations (100 uM 
to 600 uM) and in 57 of 62 clones (92%) in 
higher (800 4M) IPTG (Fig. 4 and table $3), 
Such ahigh frequency of growth inhibition was 
not observed in a survey of 1S randomly selected 
Putative negative control genes, of which 2 of IS 
(13%) and 7 of 15 (47%) inhibited growth in low 
and high IPTG, respectively (SOM Text and 
table S4), These results suggest that some of the 
izencs we identified are almost universally toxic 
‘when expressed, suggesting that they fee @ near 
absolute, phylum-independent barrier to hori- 
‘zontal transfer into E.coli. We expect that the 
‘small number of putative negative control wens 
found to be toxie are not true negatives duc to the 
possibility that they possess endogenous. pro- 
motets inactive in the conditions in whieh the 
sequencing E coli strain was grown, In these 
‘eases, such toxic genes would escape our detec 
tion metho 

We compared the clisters of orthologous 
‘groups (COG) functions of the 61 genes iden 
tified as highly unclonable (those untransfer- 
able from five or more genomes) to the COG 
functions of all ene in our data set. These genes 
\were significantly enriched in genes involved in 
ribosomal structure and translation (P< 2» 10°, 
Fisher's exact test comected for multiple testing) 
(lig. ‘This observation is consistent with 
previous computational analyses that sugwested 
that genes involved in translation tend to be 
underrepresented in genes postulated to have 
undergone horizontal transfer (7.8). The toxicity 
‘of ribosomal proteins observed here possibly 
stems from an incompatibility with the E. cali 
molecular machinery, as they have multiple 
interactions within the ribosome (7). We found 
that ribosomal proteins that resisted transfer from 
a lange number of genomes also had more surface 
area in contact with the FRNA (P = 0,023, 
peamians text) (Hig. S3). 

‘An additional possible mechanism for ex- 
plaining some ofthe observed transfer resistance 
inlolerance of the host to inereased dosage of 
the transfered gene in addition to the endowe- 
nous homolog. To test this hypothesis, we ex- 
amined data from the E- coli HS (18) genome 
‘project, in which clones containing fragments of 
the E. coli HS genome were transfered into. a 
standard E.coli sequencing strain (DH10B).. 
Despite the near identity between the trans- 
{ered genes and the host genes, 43 E. coli HS 
‘genes (all of them conserved in E. coli K12 in 
identity) could not be cloned into the 
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host E. coli. Therefore, this subset of genes 
cannot be tolerated in high dosage. Thisty-four 
(Si) of these 43 genes were also untransferable 
to E. coli from at last one additional forcign 
‘genome (Fig. 2), suggesting that their lack of 
transfer was also duc to dosage intolerance. 
Moreover, 32% of the genes that were un- 
transferable to E.coli from five or more genomes 
Were universal single-copy genes, never dupli- 
cated in any of the genomes we tested (compared 
With 3% universal single-copy genes out of the 
entire gene population), providing additional 
Support that an increased dosage and the as- 
sociated increased expression of these genes is 
likely detrimental to most microbes (Fig. 
The tendency of transfer-resistant genes 10 
universally exist in a single copy provides 
further support that the barriers described in 
this study are gene copy-number independent, 

Although our analysis of the experimental 
data fiom 246,045 genes transferred to E. coll 
suggests that there is a specific set of genes that 
are unclonable regardkss of their genome of 
origin, it does so fora single recipient onganism, 
the E coli host. To explore whether these results 
fare general, and whether these genes are un- 
transferable to other recipient species, we used 
a tree-based computational method to pred 
‘gene transfer in 191 sequenced genomes across 
the entire tree of life (/9) (SOM Text). We 
found a strong correlation (P= 0.008, Wilcoxon 
Mann-Whitney Test) between genes that we 
experimentally characterized as unclonable 10 
E. coll and single-copy genes that were compu- 
tationally predicted to be less transferred across 
the tree of life (fig. S4). These results suggest 
that the genes we experimentally characterized 
in a single host are generally wansfer-resistant 
among most bacteria and archaea, and woukd be 
expected to be predominately venically trans- 
mitted in prokaryotes. 

Our experiments in horizontal transfer used 
plasmids as the vessel of trinsic, imitating the 
conjugation process. Transfer through transduc- 
ton and naked DNA uptake were not examined, 
‘but because the detected transfer barriers are 
caused by postransfer gene toxicity, the vessel 
Of transfer is not expected to play an important 
role for the effect of these barriers. In addition, 
homologous recombination between the trans- 
ferred gene and its endogenous homolog might 
circumvent the toxicity imposed by expression of 
the transferred gene, thus enabling transfer. Our 
observation that the genes we experimentally 
characterized as unclonable to E. coli do not dem- 
onstrate transfer among most microorganisms 
suggests that this scenario had occurred only very 
ifever. 

Instead, our results suggest that there ane 
universal gene-transfer barriers, regardless of 
Whether transfer occurs among closely or dis- 
tantly related microorganisms, and that these 
bam»iers may be associated with toxicity of the 
transferred gene to the host. The number of un- 
transferable yenes identified in this study prob- 


ably reflects lower limit, because the genes we 
studied were physically forced into the host, 
plasmid maintenance was aggressively selected 
for with antibiotics, and additional natural bar- 
fiers were not taken into account, In addition, 
transferresistant genes larger than 1.5 kb, as well 
as toxie genes whose promoters are not active in 
E. cali, eaped our detection, Our observation 
‘that many unclonable genes are universally founel 
asa single copy (never duplicated in any sc- 
‘quenced bacteria) suggests that the increased 
expression of these genes inhibits growth in a 
wide range of bacteria, Accordingly, molecules 
that would increase the expression of any of these 
‘genes might fimetion as broad-range antibiotics, 
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A Melanocortin 1 Receptor 
Allele Suggests Varying Pigmentation 
Among Neanderthals 


Carles Lalueza-Fox,"*t Holger Rémpler,7* David Caramelli,” Claudia Staubert,? 


Silvana Condemi,* Marco de la Rasilla,” 


David Hughes,” Nadin Rohland,’ Elena Pilli,” Laura Longo,* 
Javier Fortea,’ Antonio Rosas," Mark Stoneking,” 


Torsten Schéneberg,” Jaume Bertranpetit,* Michael Hofreiter*t 


The melanocortin 1 receptor (MCIR) regulates pigmentation in humans and other vertebrates. 
Variants of MCAR with reduced function are associated with pale skin color and red hair in humans 


of primarily European 01 


|. We ampli 


and sequenced a fragment of the MC1R gene (mcr) 


from two Neanderthal remains. Both specimens have a mutation that was not found in ~3700 
modern humans analyzed. Functional analyses show that this variant reduces MCIR activity to a 
level that alters hair and/or skin pigmentation in humans. The impaired activity of this variant 
‘suggests that Neanderthals varied in pigmentation levels, potentially on the scale observed in 
modern humans. Our data suggest that inactive MCIR variants evolved independently in both 


modern humans and Neanderthals. 


ne gene responsible for skin and hair 
cortin I receptor (mete), which encodes 
4 sevenstransmembrane heterotrimeric GTP- 
binding protein (G-protein) coupled receptor 
(GPCR) (Fig. 1) (2). Red hair and pale skin 
result from both complete and partial loss-of 
function alleles in human MCIR-¢huMC1R) 
because they alter the balance between cumelanin 
and pheonclanin synthesis (2). Thus, we hypoth- 
cesiae that the retrieval of mefr sequences from 
extinct species can potentially provide information 
‘on their phenctypic traits 
Neanderthals are an extinet hominid rou 
that lived in Eurasia ~400,000 to 28,000 years 
3). Recently, metagenomic approsiches re- 
covered about 1 megabase of the Neanderthal 
genome (4, 5), implying that amplification of 


nuclear DNA by the polymerase chain reac- 
tion (PCR) may be feasible in well-preserved 
Neandenhal remains. We studied two Nean- 
derthal fossils, Monti Lessini (Italy) (6) and El 
Sidrin 1252 (Spain) (7), Both samples have a 
low degree of amino acid racemization (<0.10) 
and high amino acid content (20,000 parts per 
million), suggesting good DNA. preservation 
(8). Amplifications of the hypervariable region 
1 of the mitochondrial DNA showed that en- 
dogenous Neandenhal DNA was preserved in 
these individuals (6, 9). 

‘We assumed that retrieval of Neanderthal nue 
clear DNA sequences from these samples: was 
possible if the amplicon length was short and 
ange numbers of elones were generated. Because 
‘ofthe low level of diventence between Neander- 
thals and modem humans, it is impossible to 


Fig, 1. Structure and activity of MCIR. (A) Depicted are 

the seven transmembrane helices of MCIR. The R307G  Arg307Gly 

mutation, found in two Neanderthals, is positioned within helix 8, or the fourth intracellular 
loop. This amphipathic helix contains many conserved basic resues and é part of the 
intracellular receptor C terminus. (B) Partial loss of function of the R307G variant. For 


functional characterization, COS-7 cells were transiently transfected with constructs coding 


-i6 


for the wild type (RuMMCLR) and the R307G variant. As a contro, cells transfected with 3 
plasmid encoding green fluorescent protein (GFP) were used. Transfected cells were tested 
for agonist-induced cAMP accumulation (17). Shown are the mean + SEM of three independent representative assays, each performed in duplicate. 
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distinguish contamination if the sequences. are 
identical or polymomhisms are shared between 
the species (/0). Therefore, we focused on iden- 
tilving Neanderthal-specific substitutions. We 
ssuecessfilly amplified a 128-base pair (bp) fr 
ment of medr (11) from the Monti Lessin 
sample. Most clones were identical to the modem 
Jhuman sequence, most likely representing con- 
tamination of the Neandenthal bone with modem 
‘human DNA, However, of the 25 clones had an 
A1o-G substitution at nucleotide position 919, 
resulting change at amino acid 
position 307, w not previously ob- 
served in modern humans (/2, 13). We hypoth- 
sized that this wasot duc to PCR error, because 
most errors are C-t0-T (or G-to-A) changes, 
due 10 cytosine deaminations in the template 
DNA (14, 15), 

Because the mumber of amplifiable ancient 
DNA molecules inereases exponentially with 
docreasing amplification length (76), we de= 
signed primets to amplify a shorter DNA frag- 
‘ment and performed four different amplifications 
for El Sidnin 1252 and one for Monti Lessin 
We sequenced at least 10 clones per reaction. 
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The Arg%”—Gly"” (R307G) substitution was 
present in all amplification products at fre- 
‘quencies ranging from 7 10 25% (fig. SI). Be- 
‘cause the humanlike sequences probably at least 
partially represent contamination with modem 
human DNA, we cannot decide whether the 
two individuals are homozygous for R307G or 
heterozygous. Thus, we concentrated on authen- 
tion of the R307G variant, The likelihood of 
an incorrect nucleotide, due to postmortem dam- 
age or PCR errors, decreases as the number of 
independent amplifications increases (14). There- 
fore, we amplified a different Monti Lessini extract 
intwo additional laboratories with different prim- 
‘er sets. The R307G substitution was found in all 
three laboratories for the Monti Lessini sample 
but only in Barcelona for the El Sidron sample, 
Altogether, we observed this substitution in 9 of 
12 amplifications, with frequencies ranging from 
410 36% (table $1). Moreover, there is no known. 
‘damage in ancient DNA resulting in A-to-G sub- 
stitutions (/.5). Even if our results were due to a 
previously unknown Kind of template damage 
that occurs at the same frequency as cytosine de- 
amination (2%) (14), the probability of obaining 
the same result in 9 out of 12 independent am- 
plifications is ~10"" (/1), These results suggest 
thatthe R307G substitution isa reproducible, albeit 
minority, sequence not attributable to damage. 

‘The R307G substitution has not been de- 
scribed in more than 2800 modem humans that 
have been fully sequenced for me/r (12, 13). We 
genotyped this polymorphism in the CEPH 
Human Genome Diversity Panel (/7) (fig. S2), 
as well a inall people involved inthe excavation 
and genetic analysis, to determine whether this 
‘Variant exists, taint humans (17). No individ 
ual had the R307G allele. If the R307G allele 
‘occurs in modem humans, it must be at a very 
low frequency, and it is unlikely that such a rare 
Variant would appear as contamination in three 
separate laboratories. We additionally invest 
uated whether nonhuman contamination could 
explain this result, BLASTN was used to com- 
pare the longest sequence with the R307G 
Variant and showed that it was most like human, 
with 98% sequence similarity, followed by pri- 
mate sequences with progressively decreasing 
ider (table $4). None of the sequences in 
GenBank matched perfectly to the R307G 
variant, and nonprimate mammalian sequences 
differ considerably, excluding other common 
sources of contamination as possible origins of 
the sequence. Therefore, we concluded that the 
R307G substitution is an endogenous Neanderthal 
sequence. 

‘The R307G mutation is positioned at the 
cyctoplasmatic surface of MCIR within the so- 
called helix 8 or fourth intracellular loop (8. 19) 
(Fig, 1A). Mutations of conserved basic residues 
within this amphipathic helix alter receptor 
function in numerous GPCRs (/9, 20). Although 
Arg” is replaced by Lys in fox, cow, and sheep 
and by Met in mouse (21), the position has been 
shown to be intolerant of most mutations (22) 
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(lig. $5}. To investigate whether the R307G 
substitution affects the function of huMCIR, 
both wild-type MCIR and the R307G variant 
were expressed in COS-7 cells, and basal and 
agonist-induced intracellular eyclic adenosine 
monophosphate (CAMP) levels were determined. 
huMCIR responded to the natural agonist 
‘melanocyte-stimulating hormone (a-MSH) with 
an ~fourfold increase in intracellular cAMP 
levels (Fig, 1B and table $2), In contrast, cells 
expressing the R307G variant had intracellular 
CAMP levels that were 40% of the wild-type 
levels and were 50% less than wildtype levels 
when activated by an agonist. Whereas basal 
AMP levels of the wild type strongly correlated 
with the amount of transfected plasmid DNA, 
this was not the case for the basal activity of 
R307G (fig. $3). Analysis of the stimulation 
cunes (Fig. 1B) showed that the median ef 
fective concentration values did not differ be- 
tween the human and R307G variants. To 
exclude the possibifity that the observed differ- 
fences resulted from overexpression in COS-7 
cells, we established stable cell lines with a single 
expresion cassette of cther MCIR variant at a 
predefined locus (J), These stably transfected 
CHOKL cells alo showed reduced agonist- 
induced cAMP levels for the R307G_ variant 
(table $2). 

In omer to determine whether these reduced 
‘basal and agonist-induced cAMP kevels observa 
in R307G were caused by cither lower cell 
surface expression levels (fig. $4) or reduced 
G-protein coupling properties, we determined 
MCIR protein expression levels with an enzyme- 
Finked immunosorbent assay and performed bind- 
ing assays on intact cells (//). Total expression 
of the fullength reveptor protein did not difer 
between the two variants (table $3). In con- 
‘rast, radioligand binding and ligand-binding 
independent measurements revealed substantially 
reduced cell-surface expression of the R307G 
variant (lable $3). However, we observed no dif 
ference in the ability of both receptor variants to 
‘bind a-MSH (able $3). Altogether, our data sup- 
‘port the idea that the R307G allele has a partial 
loss of function caused by reduced cell-surface 
expression of receptor protein (23, 24)and altered 
G proscin- coupling efficacy. 

Alleles conferring partial Joss of function 
of MCIR have been associated with pale skin 
color and red hair in humans (/, 12). We tested 
a functional CAMP assay on extant partially 
functional huMCIR alleles associated with pale 
skin color and red hair. We confirmed partial 
activity of these variants, indistinguishable from 
that of R307G (table $2). Pale skin color and 
lighter hair are more likely when MCIR alleles 
are in a homozygote or compound heterozy’ 
‘gote stage. Although we cannot decide curently 
whether the Neanderthal individuals analyzed 
were homozygous for R307G or heterazyzous, 
we can obtain a minimum frequency for this 
Variant in Neanderthals. If we assume that both 
individuals were heterozygous, we obtain a 


minimum allele frequency for R307G of S0% 
for the two individuals investigated. From this 
figure, the minimum frequency of the mutation 
in all Neanderthals that is compatible with 
observing two mutant alleles when four alleles 
are sampled at random is 0.1 for P> 0.03, This 
translates into atleast 1% oF homozygous Nean- 
dental individuals that may have had reduced 
pigmentation levels, possibly even similar to the 
pale skin color andior red hair observed in 
modem humans, These results once more raise 
the question of whether reduced pigmentation 
may have been advantageous in Europe, for ex- 
auple via ultaviolet-light-mediated vitamin D 
synthesis, or whether it just reflects a loss of 
constraint for the me/r gene in regions of = 
duced solar imatiation (25). Our data do not 
support the hypothesis that phenotypic similatities 
between these two human groups ane explained 
bby gene flow (26) and do support the hypothesis 
of convergent evolution of reduced-funetion 
MCIR alloles, as suggested between modem 
European and Asian populations (27, 28) 
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5'-Triphosphate—Dependent 
Activation of PKR by RNAs 
with Short Stem-Loops 


‘Subba Rao Nallagatla,”* Jungwook Hwang,?* Rebecca Toroney,” Xiaofeng Zheng,*> 


Craig E. Cameron,?t Philip C. Bevilacqua*t 


‘Molecular patterns in pathogenic RNAs can be recognized by the innate immune system, and a component 
‘of this response isthe interferon-induced enzyme RNA-activated protein kinase (PKR). The major activators 
‘of PKR have been proposed to be long double-stranded RNAs. We report that RNAs with very limited 


secondary structures activate PR in a 
‘Activation of PKR by 5'triphosphate RNA 


“triphosphate-dependent fashion in vitro and in vivo. 
independent of RIG-1 and is enhanced by treatment with type 


interferon (IFN-). Surveillance of molecular features atthe 5" end of transcripts by PKR presents a means. 
Of allowing pathogenic RNA to be distinguished from self-RNA. The evidence presented here suggests that 
this form of RNA-based discrimination may be a critical step in mounting an early immune response. 


he innate immune response offers the host 
| ly protection fiom foreign onganisms 
Viruses (/). As part of this response, 
the double-stranded RNA. (dsRNA)-activated 
protein kinase (PKR) becomes activated through 
aulophosphorylation in the presence of viral 
RNA (2), Subsequently, PKR phosphorylates eu 
aryotic initiation factor 2a (e1F2a), which inbib- 
its translation initiation, thus preventing pathogen 
replication (2), 
it be both activated and inhibited 
through its interaction with RNA, which is: me 
diated by dSRNA-binding motifs (dSRBMs) (Fig. 
LA) that also exist in other diverse proteins, in- 
cluding RNA-specitic adenosine deaminases 
(ADARs), Dicer, and ribonuclease HL (3). This 
interaction with dsRNA is sequence-independent 
(4, 5), and although at east 16 base pais (bp) of 
ASRNA are required for inhibition of PRR, 33 bp, 
are needed for activation (4, 6). We have pre- 
Viously shown that short dsRNAs with single 
stranded tails (sdsRNAs) activate PRR, with the 
Fength of the tail providing a critical determinant 
(6), This motif has an imperfect stem of 16 bp anal 
is anked by single-stranded tails (Fig. 1B), and 
because it was prepared by transcription, it con 
tains a S'triphosphate (7). This raises the ques- 
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tion of what features ofthe tal might be important 
in activating PRR. 

In our initial experiments. we observed that a 
79-bp perfcctly dsRNA (dsRNA-79) led to potent 
activation of PKR. with an RNA-dependency 
factor of ~35 (Fig. IC) (8). PRR was abo 
activated by ss-dsRNAs and gave the expected 

JO-nvelotide (nt) tailength dependence (6) 
(Fig. 1C), Maximal activation by ss-dsRNA was 
as intense as that by dsRNA-79, albeit requiring 
~10-fold more RNA. The ssRNAQ9.11) (having 


$ and 3' tail of and 11 nt respectively) transcript 
(Fig. 1B) was next tated with calf int 


chemically synthesized ss-dsRNA(9,11) having a 
"hydroxyl (fig, S2) also failed 10 activate PKR. 
‘The presence of the S'-triphosphate fed 10 100- 
fold higher PKR activation than occurred in its 
absence (fig. S2) (8). A mixture of CIP-twated 
and untreated transcripts showed full activation 
of PRR (tig. S3), indicating thatthe reason why 
CrP-trated RNAS do not activate PKR is not 
because CIP treatment renders PKR incapable of | 
activation 

To test whether the presence of 5'riphosphate 
also affects the ability of long dsRNAS to activate 
PKR, top and bottom strands of dsRNA-79 
‘were CIP-treatod and annealed (fig. SA), Unlike 
ssdsRNA, CIPiwated as well as untreated 
«RNA could activate PRR, with 
shaped dependence on RNA concentration (i. 
S4D) (6). Thus, long dsRNA does not re 
riphosphate, suggesting that the 
fof this motif PKR activation is dependent on 
RNA structure. 

Given that ss-dsRNAs have funetionally 
important non-base-paired elements (6), we next 
tested activation by the single strands of dsRNA- 
79, which also have secondary structure (fig. S4, 
A and B). CIP-treated ssRNA-7OTS (TS, top 


c 


ro) 


op-ee-dafNA (3:3) (1 uM) 
p-s8-dSRINA (3.3) (2 uM) 


i 


op-Se-deRINA (9,11) (1 uh) 
HO-se-doFINA, 


ds RINA79 (0.1 mM) 


JANA) — 
PKR ** 
PRRACL (29 100 125 40 1.5 30.38 


Fig. 1. Activation of PKR by ss-dsRNA is 
S"Ariphosphate-dependent. (A) PKR has 
two dSRBMs (the dsRBD) and a kinase 
domain. (B) Experimental structures ofss- 
<dSRNASs (6). (C) Activation assays using s5- 
RNAs [10% SDS-polyacrylamide gel 
electrophoresis (PAGED). RNAS were tran 
scribed and untreated (S'-ppp) or CIP- 
treated (5-OH). A no-RNA lane (~) is 
provided. Phosphorylation activities are 
normalized to 0.1 ht dsRNA-79 (no CIP). 
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strand) and ssRNA-T9BS (BS, bottom strand) 
transcripts (8) were poor activators, whereas tn- 
‘treated transcripts activated PKR at levels similar 
to those proxluced by dsRNA-79 (fig. S4, Eand F), 
‘with measurable S'triphosphate dependence. 
“The experiments thus far suggest tha triphosphate 
makes the greatest contribution when the 5° end 
is unstructured. To examine this further, 47- and 
110-nt transcripts with minimal secondary struc- 
ture were prepared (fig. SS), and despite having 
only a small number of short stem-loops, both 
‘transcripts activated PKR at levels close to those 
proxluced by dsRNA-79 (lig. $4, G and 1). CIP 
ent greatly reduced activation, confirming 
nce on triphosphate. 

Many viral and bacterial RNAs possess $= 
triphosphates (9, 10), whereas most cellular tran- 
have a 7-methy guanosine (7G) cap oF 
wniophosphate. Thus, it is possible that 
PRR uses the 5” end of mRNA as part of a quality 
‘control mechanism (/7), “monophosphate or = 
hydroxy! termini, prepared by chemical synthesis 
‘of sRNA-7, were at least 50-fold less effective 
than a triphosphate terminus, yiekling no detcct- 
able activation (8) [Fig. 2 and supporting online 
Imaterial (SOM) text), Transcripts primed with 3 
7mG cap oF guanosine diphosphate (GDP) also 


failed to induce measurable PKR activation (Fig. 2, 
B to D), Parallel experiments on ssRNA-110 gave 
similar results (figs. S4G and S6), indicating 
that longer transcripts also have a dependence on 
Striphosphate for activation of PKR. 

Short S'triphosphate double-stranded small 
interfering RNAs, which induce an interferon 
response (12), as well as related short ssRNAs, 
failed to activate PKR (fig. S7 and SOM tex), 
This suggested a minimal length of ssRNA 
required for activation, which we determined to 
‘be ~A7 nt (fig. SS). In addition, a short (S-bp) 
stem-loop enhanced the magnitude of the re- 
sponse as well a the dependence on triphosphate 
(igs. $9 and $10). We also observed that the 
‘optimal positioning of the stem-loop in otherwise 
tunstructured ssRNA was 21 10 46 nt from the $* 
end (figs. S9 and $10). One possible reason for 
this is that short stem-loop assist PKR binding. 
an idea that is supported by data on a dsRNA- 
binding domain (¢sRBD) binding 1020-bp URNA 
‘that is consistent with a site size of 6 w 7 bp per 
dsRBD (13). As for other support, RNA/PKR 
binding says revealed a correlation between RNA 
binding and kinase activation (fig. SS, B and C), 

One of the biological substrates of PKR is 
elF2a, the function of which in translation 


initiation is inhibited upon phosphorylation of 
Ser! (2). Upon activation by S'-triphosphate 
ssRNA, PKR elficicntly phosphorylated elF2a 
(figs. $1] and S12 and SOM text), with cach 
activated PKR molecule phosphorylating more 
than 100 clF2a molecules with a PKR:IF2a 
Stoichiometry of 1:1. These results are consistent 
‘with a recent crystal structure, which showed 
cach monomer in a PKR dimer interacting with 
an elF2a protein (/4). 

To explore the biological relevance of our 
findings thus far, three cell lines were selected to 
test components of the innate immune respons 
Huh-7, Huh-7.5, and Vero (Fig. 3). All a 
responsive to interferon (IFN-«) but produce 
different levels of IFN-a/ in response to RNA 
virus (Fig. 3A). Transfection of dsRNA-79 into 
Hub-7 cells induced activation of PKR and 
increased levels of elF2a phosphorylation (Fig 
3B, lane 2). Phosphorylated PKR was not ob- 
served in mock-transfvcted cells, although some 
elF2a-p was detected (Fig, 3B, lane 1), For the 
ssRNA, a 110-nt oligomer was selected, which 
has the same Send requirements as the 47-nt 
oligomer (Fig. 2 and fig, $6), because longer 
RNAs possess superior transfection propert 
Although 110-nt oligomer pppssRNA. (ppp, 


® Fig. 2. Activation of PRR by 


: mnscrbed transcribed by - 
A Moma Parmar Bremner Fos) Som es 
TRINA On) RNA) = a) of 5-OH and S'-p on PKR 


> ry : 


PRR ACL (WPA7O7 11 44 69 $0.26 6B 14M 6667 10013 4 G7 B92 aI S 14 72:12 6 2 
\ashed line, white boxes). Phosphorylation activities are normalized to 0.1 Mt dsRNA-79 (no CIP). 


PKR ActWvation (4) 
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activation. ssRNA-7 Was syn 
thesized with 5-OH or 5p, and 
concentrations were 0.1, 0:5, 2, 
2, 3, 5, and 10 Mt (0.1 uM is 
‘omitted for 5p). (B) Effects of 
S-pp and 5ppp on PKR activation. ssRNA47 was 
‘vanscibed with guanosine triphosphate (GTP) only or 
with 2 GDPGIP ratio of 12:1. and tested for PKR 
activation. RNA concentrations were 0.16, 031, 0.63, 
1.25, 2.5, and 5 Mt () Effet of a 7mG cap on PKR 
‘activation. ssRNA-47 was transcribed with a 7mGpppG: 
GTP ratio of 4:1, 8:1, oF 12:1. RNA concentrations were 
0.16, 0.31, 0.63, 1.25, 2.5, and 5 iM. (D) PKR 

data from (0. The ratio of 7mGpppG: 
GIP was 0 (olid line, black circles; 4 (dashed tine, 
white circles; 8 (solid ine, black boxes); and 12 
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Stariphosphate) failed to activate PKR to a de- 
tectable level, @ significant increase in elF2a-p 
was nevertheless observed (Fig. 3B, lane 3) re 
lative to mock-trmnsfocted cells. The response 
required the triphosphate, because the CIP-treated 
ssRNA transcript showed only background lev 
els of efF2a-p (Fig. 3B, lane 4), These results 
suggest that ssRNA requires a S*riphosphate for 
PKR-mediated phosphorylation of elF2« intra- 
cellular 


Ariphosphate (/5, 16). To deter- 
mine whether ion of RIG-I contributes to 
PKR activation by Sttiphosphate ssRNA, we 
tused the Huh-7,5 subline of Huh-7, which lacks a 
functional RIG-I signaling pathway (17). Acti- 
vated PKR was not detected in this cell line in 
response 10 dsRNA (Fig. 3C, lane 2) oF ppp 
ssRNA (Fig. 3C, lane 3), although a subtle yet 
reproducible increase in the amount of elF2ap 
Was observed in response to USRNA treatment 
(Fig, 3C, lane 2). 

It was possible that a requirement for RIG 
for activation of PKR might be du to a need for 
IEN-a/f production. To test this, Vero cells, 
Which are incapable of producing IFN-cf, were 
tested, revealing activation of PKR by dsRNA 
(Fig, 3D, lane 2) but not ppp-ssRNA (Fig. 3D, 
lane 3), These data show that activation of PKR 
by dsRNA is independent of IEN-<B production, 
Activation of PKR by ppp-ssRNA may use an al 
lemative mechanism, requiring functional RIG 
signaling anor 1EN-«} production, 

‘AML three cell fines: we used are known to 
respon! to IFN-¢ treatment (Fig. 34). To further 


Huh-7.5 


Vero 
q 
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dissect the need for RIG-I signaling from IFN 
production, the experiments were repeated in 
cells treated with IFN-c. In all cell lines, dsRNA 
activated PKR on the basis of detection of both 
PKR-p and clF2a-p (Fig. 3, B to D, lane 6), 
These experiments demonstrate that RIG sig- 
naling 1s not required for PKR activation by 
dsRNA. Likewise, ppp-ssRNA activated PKR 
in all cell fines treated with IFN-a, with both 
PKR-p andelF2a-p being detected (Fig. 3, B to 
D, lane 7), indicating that RIG-I signaling is 
not required for PKR activation by ppp-ssRNA 
either. CIPrcated ssRNA did not produce sig- 
nificant levels of PKR-p, although this RNA led 
to some increase in elF2a-p in Hub-7 cells (Fig, 
3, B10 D, lane 8), which is probably duc to re- 
sidual triphosphate (8), We conclude that RNA 
activates PKR in a $‘Ariphosphate- dependent 
shion in cells 

‘The data thus far are consistent with the ex- 
tence of a“pamed” form of cellular PKR, which 
is induced by IFN-a treatment and required for 
cflcctive activation of PKR by ppp-ssRNA. This 
‘conclusion is based on the observation that PKR 
activation by S‘Ariphosphate ssRNA shows a 
strict dependency on IFN (Fig. 3. B to D, lanes 3 
and 7) whereas PKR activation by dsRNA does 
not (Fig. 3, Bang D, lanes 2and 6). ppp-ssRNA 
is more potent than dsRNA in activating PKR 
in IFN-<-treated Hub-7 cells (Fig. 3B, lanes 6 
and 7). Altematively. itis possible that a higher 
PKR concentration, which is stimulated by IFN, 
is required for ppp-ssRNA- mediated activation 
of PKR, 

For ssRNA-I10, only a transcript with a 
-triphosphate was capable of activating PKR 


E SSRNA-110 


‘mock HO. _p-_pp-_ppp-_7mG- 


Ho-seRNA-110 
. 


F GSRNA-79 __ssRNA-79 


Pectin 81 2 3 4 5 
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intracellularly, and it also showed the greatest po- 
tency of activation of elF 2a (Fig. 3E), [The low 
levels of activation of elF 2a that were present 
for S-hydroxyl and the 7mG cap may be due to 
residual triphosphate (8), In agreement with in 
Vitro experiments, activation of PRR by ssRNA- 
TITS was Striphosphate- dependent whereas 
vation by dsRN: F 
by SRN 
pendent in cells; however, this twanseript has a 
complex scoondary structure (fig. $4, which may 
facilitate the S-tiphosphae-indkpendent mode of 
activation. Indead, a few RNAS with complex 
secondary structures are known fo activate PKR, 
inclading RNA from hepatitis dela virus, the 3” un- 
transtated region from human alpha-tropomyosin, 
and various aptamers to PRR’s dsRBD (18-20). 
‘The results presented here reveal that ssRNAS 
With very limited secondary structures have the 
ability to activate PKR ina SYtriphosphate 
dependent fashion. These activators differ from 
classical dsRNA activators. In- particular, we 
have found that activation in a cellular context 
requires just $ bp of RNA and is 
dependent but independent of RIC 
(U5, 16). There is evidence that a1 


signaling 
mber of 

vate PKR 

sv Virus has 


SSRNA Viruses use non-dsRNA to 
ith 


in vivo (2/), In panicul 
S‘4riphosphorylited single-stranded viral RNA 
that activates PKR (22) and docs not produce 
detectable levels of dsRNA during replication 
(26). Ibis also notable that several virus families 
have evolved use of a protein primer that 
bypasses the presence of a triphosphate at the $° 
end of RNA (9), stich might represent a mecha- 
nism to evade PKR activation. S*triphosphate 


Fig. 3. Activation of 


PAR by SsRNA is 5 
triphosphate-dependent 
PKR-p in vo. (A) Origin of cell 
fine, capacity to produce 
elF20-p JFN-afi, and capacity to 


signal from the IFNv-c/ 
receptor ae indicated. A 
¢ block of IFN-ci} produc 
tion in Hub-75 cells 
observed only if RIG4 
signaling is required 
(7, The IFN-ai gene 
cluster is deleted in Vero 
cells 23), (B to D) Cells 
were plated 24. hours 
before transfection in the 
absence (anes 1 to 4) 
presence (anes 5 to 8) of 
11000 units of IFN per 
milter. Cls were trans: 


6 7 


PKR-p ected with RNA (20), prepared a for in vitro experiments. Proteins were denatured in SDS 
‘buffer and resolved by 10% SDS-PAGE. Phosphongated PKR (PKR), phosphorylated elF2c 
(eHF2c-P fetF2a-p), and [actin (ating contod were identified by Wester biotting, €) Experiments 


fractin 


were performed as in (B) using ssRNA-110. The 5’ end was prepared by no treatment (pp 


{ane CIP treatment (HO lane), or priming trarecrgtion with a modified guancsine. (F) The 5’ 
8 ‘ends of dsRNA-79,sSRNA-79TS, nd ssRNA-79BS were prepared as in (E. Samples in () and 


© were IFNetreated. 
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dependent activation of PKR by ssRNA may be a 
major pathway for sensing and responding 10 
viral infcction in vivo. 
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Direct Observation of 
Chaperone-Induced Changes in 
a Protein Folding Pathway 


Philipp Bechtluft,** Ruud G. H. van Leeuwen,?*t Matthew Tyreman,”* Danuta Tomkiewicz,* 
Nico Nouwen,*t Harald L. Tepper,”§ Arnold }. M. Driessen,? Sander }. Tans" 


How chaperone interactions affect protein folding pathways is a central problem in biology. With the 
use of optical tweezers and all-atom molecular dynamics simulations, we studied the effect of 
‘chaperone SecB on the folding and unfolding pathways of maltose binding protein (MBP) at the 
single-molecule level. In the absence of SecB, we find that the MBP polypeptide first collapses into a 
molten globulelike compacted state and then folds into a stable core structure onto which several 
«helices are finally wrapped. Interactions with SecB completely prevent stable tertiary contacts in the 
core structure but have no detectable effect on the folding of the external a helices. It appears 
that SecB only binds to the extended or molten globulelike structure and retains MP in this latter 
state. Thus during MBP translocation, no energy is required to disrupt stable tertiary interactions. 


With isolated proteins, even though the 

cellular environment often presents inter 
actions with other molecules during the folding 
process. For instance, interactions with chap- 
ferones are offen crucial to guide foking, to 
prevent ayeregation, and to facilitate protein 
translocation across membranes (1,2). However, 
how folding pathways are affected by chaperones 
remains poorly understood. For instance, it is 
unclear which steps of the fokling process ane 


Fs pathways are traditionally studied 
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affected by chaperones, whether the prosein- 
chaperone structure is stable and well defined, 
and whether native or altemative tertiary inter- 
actions are formed in the presence of chaperones. 

We addressed these questions by using op- 
tical tweezers to induce the mechanical unfolding 
and refolding of a single protein molecule in the 
absence and the presence of molecular ehaper- 
‘ones, Single-molecule techniques.can reveal fold- 
ing transitions, as has been shown for isolated 
molecules (3-7), although they cannot directly 
correlate the transitions with molecular-tevel 
changes in protein structure. To obtain structural 
insights into the chaperone-free folding pathway. 
\we combined all-atom molecular dynamics(MD) 
simulations with optical tweezers measurements. 

We studied the unfolding and folding of 
Escherichia coli mahose binding protein (MBP) 
and its dependence on the chaperone SecB (8, 9). 
The interaction between SecB and MBP has been 
extensively studied by bulk biochemical assay 
‘making it an ideal system for exploration at the 
single-molecule level. The known physiological 
effects of SecB are to reduce aggregation (10). to 
[promote translocation across membranes (17), 
and to delay formation of the native state (12, 13). 


SecB binds to hydrophobic peptide regions 
(14, 15) and does not require a signal sequenc 
for interaction (16), Although the structure of 
MBP in complex with SecB is unknown, it has 
boon suggested that MBP forms tertiary structure 
elements. in the presence of SecB (/7). Such 
elements would need to be disrupted during 
translocation because only an extended chai 
‘pass through the narrow SecYEG channel (/8), 
Individual MBP molecules were tethered 
between two polystyrene spheres ~2 jum in 
diameter by using a 
mokeular spacer 0 pre 
ieractions (Fig, 1), Connections to the N- and 
‘Cerminal ends of wikl-type MBP were obtained 
Via an engincered biotin group and a quadruple 
mye tag, respectively, Purified constructs, here 
referred to as MBP, retained their ability to bind to 
aan amylose resin, indicating proper folding, The 
DNA-protein tether was stretched by displacement 
‘ofthe pipette bead, and the resulting foree on the 
second bead trapped in the laser focus Was met 
sired, These experiments yiekled force-extension 
‘curves (Fig, 1B) showing a sudden change in exten- 
son at an average applied force of 25 © 8 (SD) pN. 
When MBP was replaced with a plain bio- 
tinylated emye tag, there were no sixlden ex- 
tension changes (Jig. $1), showing that they 
correspond to MBP unfolding events. After the 
unfolded MBP was relaxed by moving the 
beads together, it folded back to its native state, 
as evidenced by a second stretching experi 
‘ment that yielded a similar curve, This unfold- 
refold cycle was reproducible several times on 
molecule until linkage in the tether broke. 
Stretching curves of a second construct com 
posed of four tandem MBP repeats (MBP) 


croscopy experiments 
‘on proteins with repeated domains (3, 6), a saw- 
tooth patter was observed, corresponding to the 
sepanite unfolding events of the repeats. Inierest- 
ingly however, afer the force had been lowered to 
allow refolding, in the second stretching eurve the 
provein ofien failed to unfold at the normal 25 pN 
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(Fig 2B, red trace), instcad requiring over 40 pN. 
a eo Cs “Thus the high local concentration likely promoted 
F agarcgation (/9) ofthe MBP repeats to produce a 

ssructure more stable than the native sae 


a Once proper folding behavior was established 
310 in the single MBP construct, the chaperone Sec 
‘was flowed into the Mudie chamber ofthe optical 

20 a zZ tweezers. The first stretching curve (Fig. 1C) was, 
a similar to those without chaperone present, ex- 

Zz ol +SecB | hibiting a comparable average unfolding force of 
$ or 08 08 7 2484 pN. SecB thus does not promote unfolding 
8 10) Extension (um) of native MBP, even when it is held under 
& tension, Subsequent stretching curves did not 
overlap with the first stretching curve but rather 
followed the relaxation curve and lacked features 
‘ypical of breaking temtiary interactions, Sec 
thus only binds fully unfolded MBP and whi 
bound prevents the formation of any stable i 
tiary interactions in MBP. In addition, the MBP- 
‘SocB complex appears to form more rapidly than 
the fastest folding event (8), Similarly, in the 


07 08 08 
Extension (jum) 


Fig. 1. Experimental setup and SecB dependence of 
[MBP force-extension curves. (A) MBP is tethered 
between two beads: One i held on a postion con 
trolled micropipette; the other is held by an optical O'S 4 CcONOd2 te1eNe 0: Beate laiatio Hioacon senicheg civ 
trap allowing fore detection, At the C terminus, MBP Force (pN) foe 4MBP overlapped wih the previous rele 
is attached via_an antibody-myc-tag connection, tion curve (Fig. 2C), showing that despite their 
whereas at the N terminus it is attached via streptavidin-biotin linkages to a DNA tether, which in turn is “Ability, the aggregation interactions cannot form 
attached to the bead surface via an antibody-digoxigenin connection. (B) Force-extension curves in the because of interference by SecB, 

absence of Sec showing unfolding at high force (red, refolding at low forces green), and again unfolding at_—_The firee-extension curves show more de- 
high force (blue), (C) Force-extension curves in the presence of SecB (0.1 juN). The second stretching curve tailed Features, and the challenge is to relate these 
(red) lacks the typical unfolding features, showing that stable tertiary interactions are absent. (D) Comparison 1 structural changes. For example, a gradual 
between relaxation curves and WLC model. Indicated is the average extension from several curves within a extension increase involving several sal subs 
force window, normalized to the extension expected from the WLC model (fig. $2). At higher forces, data and steps is observed below 18 pN before full 
model overlap, whereas a lower value points to additional compaction of the polypeptide. The eror bars unfolding at ~25 pN (Figs. 1 and 2). The low- 
indicate the standard deviations ofthe extension from various refolding curves. and high-force transitions cannot reflect sep 
ate unfokling of structural domains; the two 
Jobes of MBP (20) cannot unfold independently 
because the polypeptide runs back and forth 
between them, 

To identify structural changes associated with 
transitions in the foree-extension curves, We used 
molecular dynamics (MD) to simulate the un- 
fokling of native MBP. When a force was applied 
fon the MBP termini (Fig. 3A and movie SI), a 
fiveresidue segment at the N terminus unfolded 
first, followed by the C-terminal « helix. Con- 
tinwing such unfolding simulations is problema 
tic, because the increasing protein extension 
‘makes the simulation volume computationally 
intractable. To circumvent this, we deleted un- 
foklod segments and then continued the simu 
lations on the new construct. This method relies 
‘on the assumption that unfolded segments remain 


Extension (fraction of WLC) 


A 


Force (pN) 
3 


o =SecB extended and donot fold back, which is re 
08 1 12 08 1 12 sonable given the force applied on the termi 
Extension (um) Extension (um) ‘The subsequent simulations showed that another 


Fig. 2. (A) Schematic illustration ofthe AMBP construct. () Force-extesion curves in the absence of ful terminal a helices loca the every 
‘SecB. Dotted tines represent the theoretical WLC compliance of the DNA-protein construct in various 0 He sucture were sequentially unfolded, unt 
stages of unfolding, as predicted by MD simulations: curve 1, DNA tether alone, representing the native or 10tal 91 residues had unfolded and stable core 
‘aggregated MBP sate: curve 2, DNA tether plus compliant polypeptide of four times 91 residues, Sructure remained (Fig. 3B), Note thatthe sim- 
representing four folded MBP cores and their unfolded external « hetices; and curve 3, polypeptide length is lations involve pulling at much faster time 
‘increased by 279 residues, representing the unfolding of one core structure. For each subsequent curve (4,5, Scales (2/) and therefore act as a hypothesis that 
and 6) the length is increased by one additional unfolded core. After full unfolding (6) and subsequent we will est agains the experiments, 

relaxation to low force, the stretch data (red trace) follow WLC curve 1, indicating AMBP has misfolded into a __Thestabilty ofthe simulated intermediate core 
tight aggregate. (C) Force-extersion curves inthe presence of SecB (0-1 uM. Aggregation is prevented during structure implies that it might be observed as a 
relartion, as evidenced by the low forces required for extending the polypeptide (red trace). The AMBP results distinct state in the tweezers measurements. The 
‘are consistent withthe single MBP repeat data. theoretical force-extension relation for this state 
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based on the womm-like chain (WLC) model (22) 
indeed overlaps with the data after the low-foree 
unfolding below 15 pN (Fig. 2 and tig. $2), in- 
dlicatinga good agreement between simulated and 


measured length changes. Also the gradual nature 
of the lowsforce extension increases is consistent 
\ith the simulated soqucntial unfolding. The 4MBP 
data show an increase in length that is four times 


Fig. 3. Results from all-atom MD simulations. (A) MBP native state. After applying a force to the C and N 
‘terminus, the red segments sequentially detached until a stable core structure remained (B). Unfolded 
‘segments were deleted from the structure to keep the simulation volume computationally tractable, 
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Extension (im) 


09 095 


& 
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ATP hydrolysis (nmol Py/min) 
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wv eEEE 
decreased stabiity 


Fig. 4. Low-force unfolding and refolding and translocation assay results. (A) Force-extension curves of 
AMBP in absence of SecB. The construct was first stretched, resulting in the predicted gradual unfolding of 
the external u helices (Fig, 3), and then relaxed before the core structures would unfold. During relaxation 
the near-equilibrium refolding of the same « helices was observed directly as a shortening of the tether. 
‘The dotted lines indicate the WLC behavior: The first denotes the DNA alone, whereas in the second a 4x91. 
‘esidue-comptiant polypeptide was added, representing the unfolded external «helices (also fig. $2). (B) 
Force-estension curves of 4MBP in presence of SecB (0.1 uM). The SecB interactions do not alter this 
refolding transition. (C) ATPase be ie during translocation of MBP stability mutants. Folding stability in 
kealimol is, respectively: 11.2 [Th {B450], 10.5 (wild type), 9.4 [Val*—Giy* VEG], 9 
[Ala*”*—Giy?* (A276G)], and 7.3 ew -Asp™> (¥283D)]. All mutants exhibited a similar energy 
requirement for SecB-mediated translocation (dark blue). The preMBP translocation kinetics was similar in 
the presence of SecB. Controls without SecB (light blue) or MBP showed low ATPase activity and 
translocation as expected. The error bars indicate the standard deviations. (D) Force-induced MBP folding 
_and unfolding transitions observed in the experiments and their dependence on SecB. 
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Aarger at low force compared with that of native 
MBP. indicating that all extemal «chelices unfold 
before the first core unfolding. The kngth changes 
of the high-foree unfolding events agree with the 
unfolding of a single 279-residue core, showing 
that MBP fully unfolds, We note that reported 
Sability-dowasing MBP mutations (23) are all 
Positioned near the N temminus of the predicted 
‘ore intermediate structure 

The sequential detachment of the extemal a 
hhclices suggests that the reverse folding process, 
in which they would zip back onto the core 
surface, might be directly observable inthe force- 
extension experiments. We texted this idea by 
Stopping the stretch experiment after the low- 
force unfolding and then bringing the beads to- 
gether again. A gradual refokling of the extemal 
«helices was indced detected directly as a ne 
equilibrium process, as evidenced by the short- 
ning of the tether at nonzero loads (Fig, 4), 
‘The native state wats recovered after relaxation, as 
seen by the characteristic unfolding features in the 
subsequent stretching curve, Note that afler full 
unfolding (Figs. 1 and 2) one docs not directly 
observe refolding ofthe core nor ofthe extemal 
Ioctces during relaxation, which is consistent with 
the proposed folding pathway in which the slowly 
folding core structure: must form frst. 

‘The extemal « helices refolded with similar 
dynamics in the presence of SecB (Fig, 4B), 
‘SceB apparently does not affect this transition, 
despite the existence ofa putative SeeB binding 
site on the unfokled extemal «helices, as iden- 
tified in peptide binding assays (7). These re 
salts may indicate that this refolding transition 
occurs ister than SoeB binding, Altematively, 
‘SecB may only bind sites buried within the core 
sinvcture (/5)and not efficiently bind the putative 
binding site on the extemal a helices, possibly 
because of the nearby bulky core, 

In the experiments without SecB, when the 
polypeptide is rekaxed after being fully unfold 
(Fig, 1B), the measured extension increasingly 
deviates from the WLC behavior, showing lengths 
that are over two times smaller atthe lowest forces 
(fig. S2 and Fig, 1D). This compaction of the 
polypeptide is consistent with previous bulk 
studies indicating an MBP molten wlobulcike state 
(23. 24), a compacted form that is held together by 
Unstable tertiary and secondary intramolecular n= 
teractions. When such a relaxation experiment Was 
rapidly followed by a sccond stretching experi- 
‘ment, the two resuhing curves overlapped ( 
which indicates thatthe tamstion is near equilib 
ium and thatthe tertiary interactions are unstable. 

‘The curve shape for relaxation to low forces is 
similar in the presence of Sec (Fig, 1, Cand D), 
showing that protein-SecB interactions do not 
result in an additional compaction, The MBP- 
‘SeeB complex has been shown to have a strict 
1:1 stoichiometry (25) and likely involves mul 
tiple contacts (26). One might therefore anticipate 
that their rupturing during stretching would also 
show up as sudden extension changes. The lack 
of such features suggests that MBP-SecB con- 
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tacts are not stable or altematively that binding 
‘occurs effectively at a single MBP sit. 

Next, we followed the transition fiom the 
‘compacted molten globulelike state to the native- 
ly folded state. Considering this transition as a 
singks-bamier process the probability to fold within 
a Waiting time ¢ is PAD = 1 ~ &, where ks the 
folding rate, This probability can be estimated by 
Performing multiple strtch-relaxation cycles in 
\Which the polypeptide is allowed fo refold at zero 
lead in the waiting time between the relaxation and 
surve. Whether folding had oceurad 
was determined from the unfolding features during 
the subsequent sintching. We obtained a folding 
rate of 0.76 = 0.19 5" in the absence of SecB (fig 
SA), This value is similar to MBP folding rates 
found in bulk (23, 24), which is consistent with the 
idea that itis the slowest folding step. We cout not 


‘quantify the refolding rate in the presence of SeeB. 
because this required waiting times in the onder of 
minutes, It is clear, however, that SocB-MBP 


interactions maintain MBP in the molten ghobule- 
like compacted state by perturbing the formation of 
‘able tertiary interactions. 

‘The single-molecule results have a direct im- 
plication for MBP translocation across the cellular 
membrane, Whether stable tertiary interactions are 
actively disrupted by the translocation machinery 
is a mutter of debate (/7, 27), Our data suggest 
that SecB efficiently prevents any stable tertiary 
interactions in MBP. To test this prediction in a 
translocation reaction, we measured the adenosine 
triphosphatase (ATPase) activity during the trans- 
Jocation of MBP mutants with altered folding 
stability (/7, 28), We indeed found that all matants 
displayed ATPase activity similar to that of wikl- 
{ype preMBP (precursor form of MBP with the 
signal sequence) (Fig. 4C), Control experiments 
lacking MBP or SecB showed low ATPase 
‘activity as expected. These results support our hy- 
pothesis that for Sec B-mediated translocation only 
Timited enersy is required to disrupt SecB-MBP 
interactions as well as tertiary intramolecular in- 
molecule data pro 
imate for this energy requirement of 
~25ky7 (tig. S2), which roughly corresponds to 
the hydrolysis of one ATP mokecuk. 
aken together, the data indicate a folding 
pathway with a lange varity of transitions and 
modes of folding (Fig. 4D), which are ach 
affected differently by SocB: (i) The extended 
peptide is compacted to a molten globule state in 
either the presence or the absence of SecB. (i) In 
the absence of SecB, folding proceeds fom the 
molten globule to a core intermediate, but SecB 
prevents the formation of stable tertiary interac 
tions, thereby maintaining the molten globulelike 
state. This effect may well be more general and 
apply also to other chaperones such as GroEL, for 
‘which there is support from other studies (28, 29), 
(ii) Once the core intermediate has formed, Sec 
cannot bind, and it therefore has no effect on the 
folding of the external «helices onto the surface of 
the core structure. Folding fom the core to the 
fully folded state exhibits similarities with a 
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nuckeation-zrowth mode of folding (30, 3/) and 
contrasts with the complex conformational search 
in the molten globulelike phase that characterizes 
the folding of the core. (iv) SecB also prevents the 
stable ageregation interactions that occur at high 
local MBP concentrations. 

The results provide an important frst step in 
understanding how a protein folding landscape is 
altered by contacts with a secondary protein. The 
approach is general and can be applied to inter- 
rogate other protcins ang chaperone systems. 
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Carbon Dioxide Activation at the 


Ni,Fe-Cluster of Anaerobic Carbon 
Monoxide Dehydrogenase 


Jae-Hun Jeoung and Holger Dobbek* 


‘Anaerobic CO dehydrogenases catalyze the reversible oxidation of CO to CO. at a complex Ni-, Fe-, 
and S-containing metal center called cluster C. We report crystal structures of CO dehydrogenase Il 
from Carboxydothermus hydrogenoformans in three different states. In a reduced state, exogenous 
C02 supplied in solution is bound and reductively activated by cluster C. in the intermediate 
structure, CO, acts as a bridging ligand between Ni and the asymmetrically coordinated Fe, where 
it completes the square-planar coordination of the Ni fon. It replaces a water/hydroxo ligand bound 
to the Fe ion in the other two states. The structures define the mechanism of CO oxidation and 


COp reduction at the Ni-Fe site of cluster C. 


biological redox transfiemations of COs, 

Na. and Hy are essential processes in global 

biogeochemical eyeles and are catalyzed by 
‘enzymes containing complex metal clusters based 
(on iron and sulfur whose detailed finction is sil 
poorly understood (/, 2). Carbon monoxide 
dehydrogenases (CODHases) ae the biological 
catalysts forthe reversible oxidation of CO to COs, 
with wateras the source of oxygen: CO * Hj0 
Cp + 26° 


2H (Eq. 1. Two principal types of 


CODIHases have been described that differ in their 
cofactor composition, structure, anal stability in the 
Presence of dioxygen: Anaerobic bacteria and 
archaca use oxygen-sensitive Ni-and Fe-containing 
CODIases, whereas aerobic, carboxydotrophic 
bocteria use a Cu-, Mo-, and Fe-containing 
flayoenzyme (3). The Ni,Fe-CODHascs are mono- 
fictional or bifumetional enzymes associated With 
NiFe-containing acetyl-coenzyme A (CoA) syn- 
thases (ACS) 4, 5) [for eview, see 3, 6) 
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CO oxidation and COs reduction atthe active 
site, ester C, of Ni.Fe-CODHases are proposed 
tw require three different oxidation states differing 
by one electron (Catt Cin ad Cra) (6). I this 
‘model, the Cau state of cluster C converts CO 
to CO; and is formed at redox potentials below 
200mV (7). At pH =7.0, the midpoint potential 
for the conversion of Cyt 10 Cas is S30 mV 
(8, 9), similar to the normal potential of the 
‘COCO couple of -$58 mV (10). Consequently, 
Croat is generated by a two-electron reduction of 
the Cyt State via Cy (17), The structure of clus- 
ter © was revealed by crystallographic analysis of 
CODIlases isolated from Carboxydothermus 
‘ydrogenoformans (CODMIey) and Rhrodo- 
spirilum rubrum (CODE) at 1.6 and 28 A 
resolution, respectively (/2, 13), Cluster C in 
‘CODHtley has been described as an asymmettic 
[NiFe,Ss] center, which comprises an integral Ni 
jon coordinated by four sulfur Higandls with square- 
planar geometry (2). An asymmetrically coor 
inated Fe ion (Fel) is found close to the Ni ton, 
In CO-twated CODH. cluster © has a. similar 
sncture witha eubane [NiFeyS center linked to 
‘a mononuclear Fe site (13), Comesponding struc 
turesofcluster C were also identified in the erystal 
structures of bifunctional ACS'CODH isolated 
from Moorella thermoacetica (CODMs4) (4. 5) 
Mechanisms proposed for the reversible oxidta- 
tion of CO to COs posit the activation of HO and 
CO as well as the stabilization of a metal-bound 
COOH) intermediate. However, the structure of 
these states remained elusive. We describe how 
HO and CO} are bound and activated and 
propose a structure-based model for CO oxidation 
‘and CO reduction atthe Ni-Fel site of cluster C. 
‘An expression system for CODHI, estab- 
lished in Escherichia colt enables. a one-step 
purification of active enzyme. Crystals of recom 
binant CODHIIcy diffact up to 140 A resolution 
‘ona rotating anode X-ray generator (able SI). The 
‘overall structure of recombinant CODHIley is 
identical tothe structure of naive CODH lly (/2. 
CODHIlcy crystals were held ata defined redox 
potential of 600 mV for 3 hours with use of 
‘Ti(II) citrate, These crystals were cither directly 
fizen in liquid nitrogen, wenerating the 600 mV 
state; oxidized via incubation with methyviologen 
(MVqq) and dithiothreitol (DTT) and then incus 
bated with DTT to give the 320 mV state: or 
incubated in the -600 mV solution with NalICOs 
asthe CO2 source, generating the -600 mV*CO3 
state, The -600 mV state (equivalent in its res 
Potential to the Crago state) and the 320 mY state 
(equivalent to the Cyt state) display practically 
identical structures for cluster C (Fig. 1, A and ©), 
In both structures, the Ni ion is coordinated by 
three sulfur figands with distorted “T-shaped 
‘coordination geometry (Fig. 1, A and C, and table 
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'S3). Fel is coordinated by His™" (1261), Cys? 
(C295), a ty-sulfido ligand, and a monoatomic 
ligand (Fig. 1, A and C, and figs. S2 and S4). A 
‘weakly occupied altemative position for Fel 
(Fe1B) is observed in both states (Fig. 1 and 
table S2). The monoatomic ligand is a distance 
of 2.7 A from the Ni ion and occupies the 
position that would complete the square-planar 
coondination of the Ni. The electron density of 
the ligand can be modeled asa light atom (C,N, 
‘6r ©) with occupancies of about 60 to 70% ora 
‘sulfur atom with 30% occupancy. The observed 
Fe-ligand bond lengths of 1.93 to 1.95 A are 
atypical for Fe-S bonds, whereas a H:0/OH 

ligand is consistent with the refined bond length, 
the relative occupancies of ligand and Fel (table 


82), and spectroscopic investigations of the 
Guat state. The long distance between Ni and 
the ligand suggests a weak Ni-OH, interaction. 
AHLO OIF ligand has been detected bound 
to.a high spin Fe ion calls ferrous component I 
(FCI) in the Cogy state (14, 15), $0 the crystal 
structure is consistent with Fel in the 320 mV 
state being FCUL 

In the presence of appropriate reducing agents, 
NiFe-CODHases can catalyze the reduction of | 
©O3 (/6). The structure of CODIey, with COz 
600 mV*COy state) reveals a tristomic ligand 
bridging Ni and Fel, which replaces the water! 
hhydroxo ligand at Fel (Fig. 1B), Modeling the 
ligand as COs fully sitsfes the observed electron 
density maps, whereas modeling with one oF two 


Fig. 1. The 600 mV (A), ~600 mV+CO, (B) and -320 mV (C) states of cluster C. 2Fum—Feac maps in blue 
‘are contoured at 19, and Fass — Fac maps in green are contoured at 4.5c. For the calculation of the Fos ~ 
Feac Map, the OH, ligand [(A) and (Q) and the COs ligand (B) have been removed from the model. An 
alternative postion found for Fel, termed Fel, is depicted in transparent light ray. The occupancies for 
the alternative position have been estimated to 10 to 30%. Selected distances are shown in A. For more 
details on the geometry of the three states, see figs. S2 to 4. All pictures were prepared by using PyMol (23). 
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atoms does not. CO bound to cluster C acts as a 
nt OCO ligand at Ni? with a NiC distance of 
1.96 A and completes the square-planar coordina- 
tion gcometry typically found for N?* ions, CO» 
acts as a n! OCO ligand at Fel with an Fel-O1 
distance of 2.05 A, resulting in a jr? binding 
mode of CO; bridging the Niel site (Fig, 1B), 
Like the H,O/OH ligand in the -600 mVand 
320 mV states, OF of COs is in hydrogen- 
bonding distance to Lys (KS63) (Fig, 1B), 02 
is in hydrogen-bonding distance to His, CO, 
binding to cluster C causes only minor changes i 
the geometry of the cluster (Fig. 2). The change 
of the distorted T-shaped to the square-planar 
coordination atthe Ni ion induces a small shift 
the Ni position of about 0.2 A and widens the 
Cys4S"Ni-S) angle (able $3), 

The ability of CO» to coordinate transition 
metal complexes is well documented (17). Coo 
dination of CO, atthe carbon atom results inan 
lectron transfer from the metal into the anti- 


Fig. 2. Superposition of the ~600 mV (blue) 
‘and ~600 mV+CO, (element colors) states. 


Fig. 3 Sruaurebased mechanism of 0 oxidation at ser.) MH) 
The -320 mV state has been used as a model for Crea, the state of ll 
cluster C competent of CO oxidation. (I) The proposed transition 

state of the reaction in which CO binds to the Ni?* ion and reacts with the Fel- model forthe Caao state, which is supposed to contain two additional electrons: 
bound OH group. (i) The ~600 mV+CO, state is used as 2 model for the compared with the Cy, state, denoted as a formal change of the oxidation 
stabilization of the metal carboxylate state. (IV) The ~600 mV stateis used asa state of the Ni* ion. 
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bonding lowest unoccupied molecular orbital of 
CO», This activation of CO> increases the nex 
ative partial charges at the oxygen atoms, Which 
are stabilized by binding to electron-deficient 
centers like transition metals or by forming 
hydrogen bonds (/7), In the cluster C-CO; 
complex, Ni acts as the Lewis base, and Fel is 
the Lewis acid that together with KS63 stabilizes 
partial charge on O1. The deviation 
ity along the O-C-O aris [O-C-0 
~133° (table S3)] is im agreement with the acti- 
vation of CO; by binding to cluster C 

In previous structural characterizations of na 
tive preparations of CODHIlgy, we identified a j- 
sulfido ligand (S2) bridging Ni and! Fel (12, 18) 
The enzyme used for crystallization as well as 
lissolved erystals had high specific activites of 
~14.000 units mg”, and on the basis of a positive 
correlation between the presence of the S? ligand 
andl enzyme activity it was postulated that S2 is 
‘essential for the catalytic CO oxidation (18, 19), 
However, the necessity ofthe S2 ligand for cata 
ysis was debated when sulfide: was shown to 
reversibly inactivate CODH gy anid COD. Kad 
to short lg phases (20), andl no S2 ligands 
re identified in the crystal structures of 
CODE and CODH yy (5, 13). Here, we describe 
the structures. of [NiFeyS¥OH,)(COs)] clusters 
Without $2 ligand in erystas with high specific CO 
‘oxidation activities (11,000 to 13.500 units mg"), 
showing thatthe presence of S2 is not necessary 
for catalysis. Furthermore the S2 ligand occupies 
the binding site of two substrates of Ni.Be- 
CODHases, water, and COs. The HOI 
ligand identified requires the same coordination 
siteat Fel as the bridging S2 ligand (fig. SS),and 
‘COs binds to the two open coordination sites of 
Ni and Fel. Thus, we suggest thatthe S2 ligand 
between Ni and Fel is absent in catalytically 
‘competent enzyme species and ean be reductively 
‘or chemically replaced, activating the enzyme. 

‘The thre presented structures offer direct 
insight into the action mechanism (Fig. 3). The 
[NiFicgS,OH, cluster determined in the 320 mV 
state is the finetional state that activate, 
contains the HOOK fs ? 
positioned atthe end of the 
its throe sulfide ligands act as donors to the 
metal, enabling CO to bind to the Ni** ion (2/). 


allowing either an apical binding of CO to form a 
distorted tetrahedral geometry or CO binding 
xjuatorially 10 complete the square-planar coor 
ination geometry. Binding of CO in the apical 
position has been proposed for CO-treated ery 
tals of CODHg, and CODHyg (5, 13). Modeling 
‘of CO in the apical position places the CO-carbon 
atom more than 3,5 A apart from the HjOOH 
and and makes further rearrangements neoes- 
sary for the reaction to proceed. In contrast, CO 
binding to complete a distorted. square-planar 
‘coordination of the Ni?* ion results in a OC-OH, 
distance of less than 2 A (Fig. 3, step 11), The 
binging of CO w a weakly backdonating metal 
like N?* results in an electrophilic earbon atom 
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and facilitates its reaction with the Fel-bound 
HQ01P ligand to a metal-carboxylate species 
as observed in the -600 mV CO» state Figs. 1B 
and 3, step III). Product release may be assisted 
by the reversible ligand exchange of CO> against 
HO at Fel and is accompanied by a two-electron 
reduction of cluster C, generating the Crgy state. 
The H;OOH" ligand can be replenished by a 
neighboring network of solvent molecules (fig. 
$6). A comparison of the [NiFe,S,OH,] and 
[NiFe,S4(CO3)] states reveals the positions of Ni 
and Fel to be largely unaffected by the presence 
‘orabsence of the a (Fig. 2). The [FesSa) 
site of cluster C provides a solid metal-sulfur 
frame in which Ni and Fel are held in place and 
serves as an electronic buifler to compensate for 
the electronic changes at Ni and Fel during the 
catalytic cycle. The small structural changes of 
cluster C agree well with the low reorganization 
‘energy expected fora reaction with turnover rates 
of 31,000 5 and a ratio of ke (catalytic rate 


onstant) / Ky, (Michaelis constant) of 1.7 = 10” 
Mts! at ©70°C (22), 

The structure-based mechanism outlined 
agrees in all central aspects with the bimetallic 


mechanism proposed on the basis of electron 
Paramagnctic resonance (EPR), electron nuclear 
double-resonance (ENDOR), and Mésshaver 
spectroscopy (14. 15). 
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Solvent Tuning of Electrochemical 
Potentials in the Active Sites of 
HiPIP Versus Ferredoxin 


‘Abhishek Dey,” Francis E. Jenney Jr.,? Michael W. W. Adams,? Elena Babini, 


Yasuhiro Takahashi,* Keiichi Fukuyama,* Keith 0. Hodgson,** 


Britt Hedman,** Edward 1. Solomon*** 


AA persistent puzzle in the field of biological electron transfer is the conserved iron-sulfur cluster 
motif in both high potential iron-sulfur protein (HiPIP) and ferredoxin (Fd) active sites. Despite this 
structural similarity, HiPIPs react oxidatively at physiological potentials, whereas Fas are reduced. 
Sulfur K-edge x-ray absorption spectroscopy uncovers the substantial influence of hydration on this, 
variation in reactivity. Fe-S covalency is much lower in natively hydrated Fd active sites than in 
HiPIPs but increases upon water removal; similarly, HiPIP covalency decreases when unfolding 
‘exposes an otherwise hydrophobically shielded active site to water. Studies on model compounds 
and accompanying density functional theory calculations support a correlation of Fe-S covalency 
with ease of oxidation and therefore suggest that hydration accounts for most of the difference 


between Fd and HiPIP reduction potentials. 


fone-clectron transfer processes and are 
ubiquitous in nature (7-4). These prove 
‘volved into two classes that have lang 
differences in their electrochemical potentials: 


P= containing FeyS, clusters catalyze 


high potential iron-sulfur proteins (HPIPs) and 
bacterial feredosins (Fis) (5-4). Physiological 
conditions support a reduction potential window 
ranging from about -600 to +500 mV (9). 
Spectroscopic and electrochemical measure- 
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ments have shown that the resting state in both 
classes of protein is [FexSq)°* and that HiPIPs 
react by oxidation 10 [FeaSy}** (with an asso- 
ciated oxidation potential ranging trom -150 mV 
to 350 mV) whereas Fds are reduced to [FeaSs]” 
(vith an associated reduction potential ranging 
from -250 mV t -400 mV) (10-14), The cor- 
responding Fd oxidation and HiPIP reduction 
potentials lie outside the physiological window, 
and so the associated processes are not biologi 
cally active. 

‘The geometric and spectroscopic features of 
the [FesSa* resting states are identical in both 
protein classes (/5-18), and no significant differ 
‘ences in their electronic structures emenged from 
‘quantum michanies (QM) (/9) and molecular 
rmcehanies (MM) simulations (20, 21). Thus, the 
difference in electrochemical behav ior appears 10 
arise from environmental factors atthe respective 
active sites, Crystallographic data indicate that 
the FeySg cluster buried in a hydrophobic core 
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in HiPIP with ~five conserved H-bonding 
interactions to the cluster ligands from the 
backbone, whereas Fds are exposed to solvent, 
with cight protein H-bonding interactions, and 
have a highly conserved CXXCXXC loop 
(where C is Cys and X is any amino acid) (/8). 
‘Structurally congruent synthetic inorganic com- 
plexes have been reported forthe the axidation 
states observed in HiPIPs and Fds (3, 22, 23). 
‘Whereas the oxidation of synthetic [Fe,S4P* com- 
plexes has a similar potential 10 those observed 
in HiPIPs, the reduction of the [Fe,S4)°" model 
complex has ~1V more negative potential than 
that of the Fds (24). Holm and co-workers 
reported significant variations in the [FeaSs}" 
reduction potential for these complexes with vary- 
ing solvent diclectric, nature of the thiolatc, and 
presence of charged residue near the cluster, how- 
‘ever, the reduction potentials of these models were 
still very negative and mostly below the physio- 
logical range (25). Electrostatic and MM caleu- 
lations suggested that large dipolar interactions 
from peptide residues and intercalated water mol- 
ecules in the Fd environment shift the [FeaSaP 
reduction potential by 14 V above that in HiPIP 
while at the same time disfavoring oxidation by 
shifling that potential 1.5 V below the corm- 
‘sponding HiPIP couple (2/, 26). However, so far 
there are no experimental data that detenmine the 
relative contributions of these effects on the elee= 
trvchemical potentials ofthese proteins. 

Direct determination of electrochemical 
potentials in perturbed (lyophilized, unfokled, 
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Fig. 1. (A) S Kedge x-ray absorption spectra of (NEt.)s[FeaS«(SEt) (black), 
HiPIP from C. vinosum (blue), HiPIP from E. halophila I (ight blue) Fd from Bt = C 


(ced), and Fd from Pf (orange). (B) Pre-edge region ofthe absorption spectra for 
the model (black), WT C vinosum HiPIP (blue), unfolded C vinosum HiPIP 
(dashed brown), WT Bt Fd (red), and lyophilized Bt Fd (dashed green). (C) Xray 
absorption spectra of (NBus)a[FeeSe(SPh)e as a solid (black) and in acetonitrile 
(een), N,N-dimethytormamide (blue), and N-methylformamide (ed) solutions. 
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ete.) protein active sites using voltametric 
techniques is challenging at best. Our previous 
results have shown that, ina series of model 
complexes, the electrochemical potential varies 
linearly with the extent of Fe-S covaleney in the 
luster, which can be directly measured experi- 
mentally with use of sulfur K-edge x-ray absorp 
tion spectrascopy (XAS). In this study, we 
systematically varied the solvent exposure to 
the active sites of these proteins in an effort to 
quantify the impact of hydration of these active 
sites on their electronic structure and electro- 
chemical potential. 

With use of $ K-edge XAS, we previously 
observed a lange decrease in Fe-S bond co- 
valency in Fd relative to HiPIP, although the 
origin of this diflerence was not detemnined at 
that time (27), Sulfur K-edge XAS is a dinwet 
experimental probe of ligand-metal bond co- 
valency (28). The primary feature at the S K edge 
is the S Is — 4p transition, The lower energy 
transitions from ligand Is orbitals to the 
‘unoccupied metal-hased 34 antibonding orbitals 
are disallowed, but they obtain absorption 
iensity if these 3d orbitals mix with Syp orbitals 
because the sulfurchased 1s —* 3p (AL= 1, where 
represents the orbital angular momentum) tran 
sition is eletric-lipole allowed (29, 30), This 
pre-cge intensity is directly proportional to the 
pewwent OF Syp mixing in the Fey orbitals and 


hence provides an experimental measure of 


ligand-metal bond covalency (37), This method 
‘was previously used wo analyze the electronic 
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structure and bonding of models and active sites 
‘of mononuclear FeS (nubredoxins), binuclear 
FesS2 (spinach ferredoxin and Rieske protein). 
trinuclear (bacterial feredosin) and letranuclear 
(HHPIPS and ferredoxins) proteins (27, 28. 30, 32), 
In most cases, the Fe-S bonds in the protein 
active sites were found to be less covalent than 
those in the structurally congruent comesponding 
model complexes (30, 33, 34), 

The S K-edge spoctrum of (NEW HI Fe,SdSEN 
(Fig. 1A), where Et indicates an ethyl group, 
serves as an appropriate reference for the FeySy 
clusters in proteins because an aliphatic ethyl 
thiolate Figand has a bonding interaction with th 
cluster similar to that of the cysteine ligands in 
the proteins. Its absorption spectrum (Fig. 1A 
bhlack) shows a pre-edge peak at 2470.2 eV. 
Previous $ K-edge data on clusters with S* 
‘substituted by Se™ and RS” (where R is an alkyl 
‘or an aryl substituent) substituted by CI” have 
shown that the four Syupie and the FOU Spictre 


pre-aige transitions are centered at 2470.0 eV 
and 2471.0 eV, respectively (30). From fits tothe 
bblack spectrum in Fig. 1A and its second deriva- 
tive, the peak intensity reflects 168% thiolate and 
480% sulfide 3p characters mixed into the un- 
‘cccupiad valence orbitals of the FeyS, cluster (28) 
In the following tex, the total intensity ofthis peak, 
ic. the total eovalency of this mode! complex, is 
used as a reference forthe decreases observed in 
the proteins. The additional rising-cdge feature 
at 2472 to 2473 eV represents the background 
Sig > C-Sor transitions for all cysteine and 
methionine residues in the mode! or protein (thus, 
these vary between diflerent models and proteins). 

The XAS data for representative HiPIPs 
from Chromatium vinosum (Fig. VA, tue) and 
Evothiorhodospira halophila 1 (Fig. VA, light 
blue) show pre-edge intensities very similar to 
‘each other and only slightly lower than that of 
the motel complex. The fits to the HiPIP data 
indicate that the total Fe-S covalencies are 95% 


Table 1. Fe-S covalency in Fe4S« and proteins and a model from S K-edge XAS. Covalencies were summed 


‘over 1800% total Fesy-based orbitals, where each 


of the 18 unoccupied orbitals is worth 100%. 


Covalency (Ss) Relative to 
WSsanae Seine Total ‘model complex 
(WEtadalFeaSu(SE04) 480 + 10 16827 648 +10 100% 
 vinosumm (HIPIP) 468 +8 15629 azar 96% 
.vinosum (unfolded) 44 16 M028 501223 89% 
, halophila | (HiPIP) 468 +9 48 27 613217 95% 
Bt Fd 420214 136 = 12 557 +25 86% 
2 FA lyophilized) 468 +11 15228 617 =20 95% 
PPR 396 + 18 124 + 16 551225 85% 
A p 


“~ 


Fig. 2. Computational structures simulating (A) isolated model complex, (B) H-bonded model complex, 
(C) HiPIP active site (the NH-S distances are indicated), and (D) Fd active site (the CXCXXC loop of the 


backbone is highlighted). 


30 NOVEMBER 2007 VOL318 SCIENCE 


0 96% of that of the model complex (Table 1). 
In contrast, the S K-edge data for representa- 
tive Fds from Bacillus thermoproteolsticus (B1) 
(Fig. 1A, red) and Prococeus firiosus (PP) (35) 
(Fig. 1A, orange) have significantly less p 
edge intensity than the model complex (Fig, 1A, 
black) and the HiPIPs (Fig. 1A, bloc and light 
blue). These data indicate that the Fe-S bonds in 
Fas are kess covalent than those of the model 
complex and of the HiPIPs. The fitted intensities 
for the Fas give total Fe-S covalencies of 86% 
to 85% of that of the model complex. Both the 
MsSaasse and the Saioiae Covatlencies ane signi 
icantly reduced in the Fd active sites reltive to 
those of the HiPIP active sites (Table 1), 

‘The weakening of Fe-S bonds in Fds relative 
to HIPS could stem fiom differences in the 
bonding from the peptide backbone (five in 
PIP versus eight in FA) as well as differences 
in solvent exposure (HiPIP is buried in a 
hydrophobic core, and Fd is solventexposed) 
(ZO), To gauge the effect of hydration in FeS 
covalency, we subjected a lyophilized simple of 
1 Fd XAS, The data (Fig, 1B, dashed green) 
show a marked inerease in preedge intensity 
lative to the pre-edge of Br Fd in aqueous 
solution (Fig. 1B, red), although the rising edge 
remains relatively unaffected (for details, ee fig. 
SIA), The reduction of the pre-edge intensity in 
buflered aqueous solution is reversible (fi, 
SIA) and indicates that the Fd cluster forms H 
bonds directly with water molecules, thereby 
reducing its covalency. Quantification indicates 
that the total covaleney inereases fom 86% in 
Br Fd (Table 1. row 3) to 95% of that of the 
mode! complex upon lyophilization (Table 1 
AoW 6). 

In a complementary experiment, the C 
sénastom HAPIP was treated anaerobically with 
4M guanidinium hydrochloride, which has been 
shown to partially and reversibly unfold this 
HiPIP, to expose the cluster to water without 
further chemical modification (36), ‘The XAS 
data for unfolded HiPIP (Fig, 1B, dashed brown) 
show a decrease in the pre-edge intensity re 
to that of fokled C. vinosun HiPIP (Fig, 1B, 
blue). This process is reversible (fig. S1B), and 
the similar rising edges between these spectra 
(Fig, 1B, blue fine and brown dashed line) 
indicate that the cluster in HiPIP remains intact 
during this conversion. Fits to the data show 
thatthe total Fe-S covaleney decreases from 96% 
of the model in wikdaype (WT) C. vinosum 
HiPIP 10 89%% in the unfolded protein and that the 
Fe4tsSwinge and FeSasoiae bond covalencies are 
equally affected. The result of unfolding the 
PIP protein is complementary to the lyophili- 
zation of the Br Fd protein, with both indicating 
that hydration ofthe cluster is the major source of | 
reduction of Fe-S bond covalency. 

To gauge the relative impacts of solvent 
siclectic and H bonding independently on Fe-S 
covalency, we disolved a well-characterized FeS 
modal complex (NBug)lFesSdSPhal. Where Bu 
isa butyl group and Ph is a phenyl group, in a 
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variety of solvents with different dielectric con- 
‘stants (acetonitrile and NV-dimethy iormamide, 
DMF) and capacities for H bonding (N-methyl! 
formamide, NMF). The model complex is stable 
in all three solvents. The S K-edge data for the 
solid (NBughlFesSaSPhy] complex (Fis IC, 
black) are very similar to the data for the complex. 
in acetonitile (Fig. 1C, green) and DMF (Fig, 
IC, blue), These results suggest that there is little 
impact on covalency from changes in dielectric 
constant around the cluster. However, the data for 
the same complex in NMF (Fig. 1C, red), which 
can act as an H-bond donor, show a larg 
decrease in the pre-cdge intensity. Fits to the data 
indicate that the total Fe-S eovaleney decreases 
by 15% in NMP (fig. $2) This decrease in 
covalency duc to H bonding from solvent 
parallels the results observed on perturbing water 
‘access to the protein active sites (lyophilized Br 
Fdand unfolded C. vinoswm HiPIP) and confirms 
that H bonding ofthe water tothe SFigands isthe 
dlirvet contribution to this effect. 

The above results were compared to density 
functional theory (DET) calculations on the 
mod! complex and protein active sites The 
(NBug)a| Fee Ph)4] complex was modeled 
with an [FeaSa(SMe)s]?" (where Me indicates & 
methyl group) cluster (Fig. 2A) to which eight 
er molecules were added (Fig, 2B). The HiPIP 
active site was approximated with a 210-3tom 


molecule whose coordinates were taken fiom a 
high-resolution (1.2 A) crystal structure of the 
C vinosum protein from the Protein Data Bank 
(PDB identification code ICKU) (Fig. 20). A 
140-atom model of the Br Fd active site with and 
Without seven HO molecules was similarly 
simulated (PDB identification code 11QZ) (Fig, 
2D). 

Upon forming H bonds to cight water 
molecules, the simulated [FeS(SMel, > com- 
pound evidenced a total Fe-S covalency reduc- 
tion of 10% Syp (lable SI), which is in 
reasonable agreement with the experimentally 
observed decrease Of 15% Sip in an H-bonding 
solvent (vide supra). The calculations also 
indicate that both the FetySwisae and the Fe~ 
Swioute bond covalencies are reduced as 
observed in the experiment (fig. S2B). The 
calculation on the Br Fd (without 1,0 moke- 
cules) and HiPIP active sites show 3% and 2% 
reduction in the FeS bond covalency (table S1), 
respectively, relative 10 the reference model. 
This result is consistent with the limited 3% and 
4% decrease of FeS bond covakeney observed 
in lyophilized 81 Fd and HiPIP (Table 1, rows 6 
and 2), These decreases are lingely localized in 
FeStictae Moictics (lable SI), which is con 
sistent with the langer number of 1 bonds do- 
nated 10 the Swiotae toms relative 10 the Syutsse 
atoms from the backbone, When the amide 
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Fig. 3. Plot of total Fe-5 covalency as a function of [FegS¢)** (A) reduction 
potential and (B) oxidation potential versus NHE for a series of [FeaSa(SR)a] 
‘complexes (solid black) and Bt Fd (solid red). The open squares represent the 


Fig. 4. Schematic representation of 
{Fe454]** reduction potential tuning 
by desolvation, 
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groups in the simulated backbone are 
replaced with ester groups (i.e., the dipolar 
interaction of the C=O is still present, but there 
is no H bonding from the NH groups), no 
decrease in FeS bond covalency is observed 
(table SI, row 4), Including seven 1,0 
mokecules in the solvent-exposed side of the 
Fd model shows a 10% decrease in Fe-S co 
vakeney fin both Fes1;Swinie and Fe-Sqiotae 
(able SI. row 5)] ative to the model complex 
‘which is clase to (although less than) the expe 
mentally observed 15% decrease in Fe-S co- 
valency in Fads relative to the model complex 
(Table 1, row 3) 

Thus, both the experimental and theor 
results show that Fe-S covaleney is a sensitive 
probe of electrostatic interactions. present in 
protein active sites, This decrease of covaleney 
due to H bonding would correspond to the solute 
polarization term in a total eniengy calcula 
(37, 38), In both HiPIPs and Fas, 1 bondi 
fiom the peptide backbone causes only a limited 
reduction in Fe-S bond covaleney, Rather the 
hydration causes two-thirds of the large decrease 
inthe Fe-Sbond covalency that is observed in the 
solyent-exposed Fa active site relative to an alkyl 
thiolate model 

Relative to the model complex. fin. DMF 
scaled to the nonmal hydrogen electrode (NI 
the reduction potential of Fd is raised from 1100 


0 97 98 
4S 
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predicted (using covalency) [Fe,Sul* electrochemical potentials. The [FeaSel?* 
‘eduction-oxidation potential for the reference complex [FesSu(SEDa” i 
indicated by the horizontal dashed gray line. 
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mV to -300 mV (black and red points in Fig. 
3A). From our past studies, the electrostatic effect 
‘of water HL-bonded to S Tigands will decrease 
their covalent interaction with the Fe and weaken 
the Fe-S bonds. This will mise the reduction 
potential by destabilizing the oxidized state more 
than the reduced state (40). An estimate of this 
effet on the reduetion potential of the FeqSy 
clusters is given in Fi A, which the 
covalencies derived from § K-edge XAS inten- 
sities for a series of [FeySy(SR)4/> complexes 
with varying thiolutes (solid black squares) are 
plotted relative to their corresponding (FeySef?” 
‘one-electron reduction potentials (measured in 
DMF scaled to NHE), This plot shows a linear 
convlation, and the negative slope indicates that 
it is easier to reduce the [FegS4J"" cluster as the 
Fe-S covaleney decreases (34). For the Fess 
cluster in HiPIP. the experimental eovaleney de 
‘creases by $% relative to the model, which cor. 
responds to a +150 mV shift in its [FeySyP 


- 
reduction potential (open blue diamond). Con- 
sistent with this extrapolation, the one-ckectwon 
reduction of the [FeaS4)* resting form of HiPIP 
from C. vinosu has been experimentally esti 
mated to be -9 10 mV, which is outside the phiys- 
iological window (39), 
of Fd in aqucous solution, the electrostatic 
effect of the loeal H bonds on the thiolate and 
sulfide ligands of the FegSy cluster decreases the 
eovaleney by 18% relative to the model com- 
ples. The plot in Fig, 34 gives an estimated 
‘change of the reduction potential of +450 mV 
associated with this FeS covaleney change. The 
remaining +380 mV contribution to the ob- 
served reduction potential of Fd would result 
fiom the additional stabilization of the reduced 
state by the asymmetric electrostatic field 
around the Hbonded cluster. One fice of the 
cluster is exposed to the high diclectric of water 
and the other to the dipoles in the CXXCXXC 
Peptide loop, which is highly conserved in all 
the bacterial Fads (Fi. 2D, highlighted in bokl, 
and fig. S3) (40). The CXNXCXXC dipoles were 
found to make the dominant contribution to the 
proicin dipolar stabilization term in the caleu- 
lations of Warsbel and co-workers (2/, 26) 
For the HiPIP [Fe,S4[?* oxidation couple, an 
analogous plot of the measured total Sp charac 
ter for a series of [FesS@SR)4[? complexes with 
different thiolate figands versus the [FeaSsP°” 
‘oxidation potential (47, 42) also shows a linear 
comlation (Fig. 3B). The protein data points on 
this plot show essentially the same features as 
‘observed for the [FeaSs}°* reduction couple in 
Fig. 3A). The predicted [FeqS.P* oxidation 
‘potential for HiPIP (Fig. 3B, blue open diamond 
‘at -265 mV) shows a limited shift because of 
the 5% decrease in covaleney relative to the 
alkyl thiolate model couple (200 mV). Alter- 
. the [Fe,SeP* oxidation potential in the 
Fa prowin active site is lowered by -700 mV 
relative to the model complex, into the 
nonphysiological -800 to -900 mV range (Fig 
3B, solid red) (41); -300 mV because of the 
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electrostatic efleet of local Hi bonds, which 
decrease the covakency: and 400 mV because 
(of nonlocal protein electrostatics. ? 

‘Thus, the same factors that shift the |FesSs)” 
reduction potential in the Fd active site by *~600 
mV relative to HiPIP (from -900 mV to -300 
mV), bringing it into physiological range, also 
shift the [Fe,S4|°* oxidation potential of Fas by 
~500 mV relative to HiPIP (fiom 350 mV to 

850 mV) and out of physiological range. 

Our results indicate that H bonding from 
water in a solvent-exposad Fd site can tune the 
[FeS.}*" reduction potential up by at east 9300 mV. 
This phenomenon may provide a regulation 
mechanism for electron transfer in FeS cluster 
protcins As examples, Fads are proposed 10 
catalyze the reduction of formyl dehydrogenase 
(ES ~ S30 mV) by hydrogenase (E° = 414 
mV) in methanogenic bacteria (43), and DNA 
binding is proposed to lower the [FeySs)?* 
reduction potential by >300 mV in endo- 
nuclease I (44). As illustrated in Fig. 4, 
interaction with an cketron transfer partner 
may lead to a partial desolvation of the active 
site that can shift the reduction or oxidation 
potential ofthe Fd |Fe4Sa)*” cluster. Indeed, the 
lange surface area of docking (1000 A*) and the 
close contact between the active sites (10 A 
to 12 A) in a nuclear magnetic resonan 
structure of protein or protcin complex of a Fd 
With its redox partner cytochrome éssy (from 
Desulfibrio norvegicum) (48) are consistent 
With this possibilty. Thus, solvent tuning may 
play an important roke in protein-protein and 
protein-DNA interactions. 
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The Obesity-Associated FTO Gene 
Encodes a 2-Oxoglutarate—-Dependent 
Nucleic Acid Demethylase 


‘Thomas Gerken,’ Christophe A. Girard,?* Yi-Chun Loraine Tung,* Celia }. Webby,*t 

Vladimir Saudek,*t Kirsty S. Hewitson,”*F Giles S. H. Yeo,?t Michael A. McDonough,*t 
Sharon Cunliffe,*+ Luke A. McNeill,”*t Juris Galvanovskis, t Patrik Rorsman,* Peter Robins,* 
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Barbara Sedgwick,* Inés Barroso,’ Tomas Lindahl,* Chris P. Ponting, t5l| 

Frances M. Ashcroft,?+5ll Stephen O'Rahilly,*6ll Christopher J. Schofield*+il 


Variants in the FTO (fat mass and obesity associated) gene are associated with increased body mass 
index in humans. Here, we show by bioinformatics analysis that FTO shares sequence motifs with 
Feill)- and 2-oxoglutarate-dependent oxygenases. We find that recombinant murine Fto catalyzes 
the Fe(ll- and 20G-dependent demethylation of 3-methylthymine in single-stranded DNA, with 
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Fell) and 20G binding sites (7, 8), and its se- 
quence is highly conserved in organisms ringing 
from mammals to green algae (Fig. | and fig. SI). 
20G oxygenases are involved in diverse processes, 
including DNA repair, fatty acid metabolism, and 
postranslational modifications, for example, pro- 
{ine hydroxylation and histone lysine demethyla- 
tion [reviewed in (6, 9}. They require nonhe 
iron [Fe(11)] asa cofactor, use oxygen and, almost 
always, 20G as cosubstrates, and produce suc- 
inate and carbon dioxide as by-products. 

To determine whether FTO is a 20G oxy- 
genase, we expressed the murine Fo gene in 
Escherichia coli and purified N-terminally hexa- 
His tagged Fio (10), Some 20G oxy zenases ca- 
alyze 20G turnover without a “prime” substrate 
Provided that a reducing agent, typically ascorbate, 
is present (uncoupled tumoven, 20G uncoupled 


concomitant production of succinate, formaldehyde, and carbon dioxide. Consistent with 3 
potential role in nucleic acid demethylation, Fto localizes to the nucleus in transfected cells. 
-type mice indicate that Fto messenger RNA (mRNA) is most abundant in the brain, 
particularly in hypothalamic nuclei governing energy balance, and that Fto mRNA levels in the 
arcuate nucleus are regulated by feeding and fasting. Studies can now be directed toward 
determining the physiologically relevant FTO substrate and how nucleic acid methylation status is 


Studies of wil 


linked to increased fat mass, 


‘ecent studies have revealed strong. asso- 
first intron of FTO and obesity im both 
children and adults, with 16% of studied pop- 
ulations homozygous for the risk alleles (J), 
AAs adults, these individuals weigh ~3 ky more 
than those homozygous for the low risk alleles 
as result of a specific increase in fat mass (2) 
FTO mRNA is expressed in a wide range of 
human tissues (2), The Fio gene was first cloned 
after identification ofa fused4oe mutant mouse 
© phenotype results froma 1.6-Mb deletion 
of six genes, including Fro (5). 
nee analysis prodicts that FTO protein 
‘contains a double-stranded bethelix (DSBH) fol 
homologous to those of Fe(l) and 2-oxoghitara 
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umover assays with Flo, monitoring conversion 
of [1-4C}20G into [#C carbon dioxide (0), 
revealed that Flo catalyzed 20G decarboxylation, 
a reaction that was stimulated by ascorbate and 
FeSO, (Hig. S2A). 206 tumover was inhibited 
bby known 20G oxygenase inhibitors (fig, S2B) 
1 Fo(ll) and ascorbate, 

‘We next considered the idemtity of the prime 
FTO substrate, Among 20G oxygenases with 
known substrates, the FTO. sequence is most 
that of the £, coli enzyme AIKB (/1) 


(206) oxygenses [fora review ofthese erzymes, 
$0¢ (6)] (Fig. 1). The predictad DSBH fold of FTO. 
contiins four conserved residucs characterise of 


Fig. 2. Multiple sequence alignment of FTO from human (Homo sapiens; Hs), mouse (Mus musculus; 
Mm) and green algae (Ostreococcus tauri; Ot) with Escherichia coli (Eo) and Shewanella woodyi (Sw) 
‘AUKB and human ABH2 and ABH3. A comparison of Ot FTO with the nonredundant protein sequence 
database at the National Center for Biotechnology Information using PSI-BLAST (28) revealed 
significant similarity € < 0.005) between human FTO, bacterial AIKB, and its human homologs, within 
‘wo iterations. Conserved residues highlighted in red are histidine and carboxylate (Asp or Glu) Fe(l) 
binding residues of 206 oxygenases (His-228/231, Asp-230/233, and His-304/307 in murine Fto/wman 
FTO, respectively), as well as an arginine (Arg-313/316), which binds the 206 C-5 carboxylate in a 206 
‘oxygenase subfamily (7, 8). The cylinders and arrows represent «x helices and fs strands, respectively, 
assigned as in a crystal structure of ABH3 (29). Secondary structure in yellow represents the N-terminal 
region, blue strands represent an assigned (29) substrate binding lid for ABH3, green strands labeled 
with roman numerals identify the eight j strands that form the conserved double-stranded beta-helix of 
the 206 oxygenases. Genlnfo numbers: human FIO: 122937263; mouse Fto: 6753916; green algae 
FTO: 116060758; human ABH2: 48717226; human ABH3: 21040275; E. coli AKB: 113638; S. woodyi 
‘AlKB: 118070714. 
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ABH (AIKB homolog) family (Fig. 1). AIKB is 
4 DNA repair enzyme that repairs cytotoxic 
|-methyladenine (J-meA) and 3-methyleytosine 
(G-meC) lesions by methyl group hydroxylation, 
followed by a retro-aldol reaction, Among the 
various human ABHs, only two, ABH2 and 
ABH, have been shown to exhibit DNA de- 
methylation activity analogous to that of AIKB 
(22, 13), ABH 2 and ABH are ubiquitously 
‘expressed, and their expression is not known to 
bbe altered by physiological stimuli. 


We screened potential Ft substrates, in- 
cluding a synthetic singke-stranded |-ancthy! 
adenine (1-mcA) methylated oligonuckotide, 
Lys-9 methylated histone HB, hypoxia-inducible 
factor-ta (HIF-la) subunit fragments, IxBa, 
coenzyme A derivatives, and other known 
subsites. of human 20G_oxygenases (/0), 
Only the I-meA methylsted oligonucleotide 
stimutsted tumover of 20G above control levels 
(Fig. 2A), This activity was inhibited by N= 
oxalylelycine, fumarate, and succinate, which 


were also inhibitors in the 20G_ uncoupled 
tumover assays (Fig. 2C). 

Using a liquid chromuatography-mass.spec- 
trometry assay that directly monitors DNA. 
demethylation [without the need for radiolabeled 
(co-Substrates or coupled assays (/0)), we dem- 
onstrated that Fto catalyzes Fe(ll)- and 20G- 
dependent DNA demethylation. This activity was 
‘simulated by ascorbate, as observed for other 20G 
‘oxygenases (6) (Fig. 2B). Significantly reduced 
tumover was observed when the reaction was, 
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Fig. 2. Fto is a 2-oxoglutarate-dependent DNA demethylase in vitro. (A) 
Demethylation of 1-meA is dependent on Fto in 20G decarboxylation assays: 
(B) Cofactor/cosubstrate dependence of FTO activity on a 3-meT substrate 
shown by LC-MS, Data shown represent ratios of thymine to 3-meT in s+ONA. 
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The oxygen control reaction was carried out in an atmosphere of <1% Os; 
(© Inhibition of Fto-catalyzed 1-meA demethylation in 20G decarboxylation 
assays. All assays were performed in triplicate, at least, with error bars 
senoting 250. 
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Fig. 3. In vitro activity of Fto with ss-DNA substrates. (A) 
Demethylation of ss-DNA substrates by Fto. LC-MS data 
for the incubation of synthetic 15-nucteotide oligomers 
‘of the form S'-Ti(methylated base)TTTTTTTTTTTT-3° with 


Fto, cofactors, and cosubstrates; positions of expected 
peaks for demethylated substrates are indicated by dotted 
lines. Smaller peaks at higher masses than reactant peaks 


probably arse from Na” and K adducts of the methylated oligonucleotides. m’z = mass-to-charge ratio, shown in units of Dalton. (B) Stoichiometry of the Fto 
reaction. (C) Release of formaldehyde from methylated polydA) and poly(dT. FIO and ABH3 were assayed for demethylase activity by incubation with [*C- 
methylated poly(dA) or [*Cl-methylated poly(dM) [total counts per minute (cp.m.) 1000 or 800, Tepecey at 37° for 15 min. Reeae of ean souble 
E4Clformaldehyde was monitored. FIO -O-, -@-; ABH3 ~A-, --. [“Clmethylated polydA) -O-, ~A-; [C}-methylated poly(dl) -@-, ~~. In the absence of 
206, no significant activity was detected; the ethanol soluble material released by FTO or ABH3 was at background level (less than 100 p.m). 
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performed underraducad oxygen conditions. The 
production of succinate was veritied by 'H 
nuclear magnetic resonance (400 MHz) analy- 
ses and that of formaldehyde was confirmed by 
derivatization with pentafluoropheny hydrazine. 
To test the predicted role of the assigned 
Fe(l1) binding and 206 
residues, His-304 and Ar 
tion mutants were constructed (/0) (fig 
The His-304 mutant showed reduced 20G 
313 mutant ablated 

i with observations 


13 alanine substitu- 
3), 


tumover, whereas the An 
activity (Fig. 2B), consis 
‘on other 20G oxygenase 
We next investigated Fto activity with si 
ued oligonucleotides (ssDNA) methylated 
at a single position: I-methyladenine (L-meA), 


strates was also observed in assays measuring the 
release of formakichyde from randomly methyl 
ated poly(dA) and poly(dT) (Fig. 3C). Consistent 
with previous reports (/4, 15) we found that 
recombinant ABH3 demethylated I-meA, with 
only very low kevels of 3.meT demethylation ob- 
served under our conditions (Fig. 3C), 

A protein with nuckic acid demethylase activity 
might be expected to localize to the cell nucleus 
of COS cells (fiom 
mian kidney) transfected with a plasmid encod: 
ng for yellow fluorescent protcin (YFP) tagged 
Fio, or with YEP alone, revealed that YFP-Flo is 
nthenucleus, whereas YFP is present 
the cytoplasm (/0) (Fig. 4A). YFP-Fio did 
4A). 

The FTO SNPS associated with adiposity are 
intonic and may exert functional effects through 


signals. We examined Fio mRNA levels in mul 
tiple murine tissues by quantitative reverse tran- 
scription polymerase chain reaction (Fig. 4B). 
Consistent with human data (2), mouse Fie 
mRNA was detected in all tissues studied, with 
the highest expression in the brain. Within the 
‘ain, high levels were found in the hypothalamus, 
an area that plays a key role in the control of 
‘energy homeostasis. In situ hybridization of hypo- 
thalamic slices revealed that Fo mRNA was 
highly expressed in arcuate (ARC), paraventricular 
(PVN), dorsomedial (DMN), and ventromedial 
(VMN) nuclei, all sites of ertical importanee for 
the control of energy balance (Fig, 4C), 

To determine whether Fio mRNA. expr 
sion is nutritionally regulated, we examined Fio 
mRNA levels in laser-dissocted hypothalamic 
muck (ARC, VMN, and PVN) fiom three groups 


of mice (freely feeding, fasted for 4¥ hours, and 
48 hours fasted treated with daily intraperitoneal 
injections of leptin, respectively). The leptin- 
supplemented group was included to examine 


altered expression of FTO mRNA. If FTO 


iteda preference for 3meT 
in ssDNA; I-m ot an Flo substrate 
(Fig. 3A), The preference of Fto for 3-meT sub- 


expressed in tissues involved in the contro 
‘energy balance and be influenced by nutritional 
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Fig. 4. Expression studies of Fto protein and mRNA in mice. 
(A) Subcellular localization of murine Fto in COS-7 cells. 
Confocal fluorescence images of COS-7 cells expressing YFP-Flo 
or YFP show YFP-Fto localizing to the nucleus. Nuclei were 
visualized with 4',6-diamidino-2-phenylindole (DAPI) staining 
and mitochondria with MitoTracker. Colocalization of YFP 
(yellow) and DAPI (blue) in the merged images produces a 
white signal. (B) Relative expression of Fto mRNA in different 
tissues. Bar graphs show the relative expression of Fto mRNA 
normalized to f} actin across a panel of different tissues, Data 
are represented as the mean (SE) of six independent mice per 
tissue. (©) In situ hybridization of murine Fto in brain. PVN, 
paraventricular nucleus; VMN, ventromedial nucleus; DMN, 
dorsomedial nucleus; ARC, arcuate nucleus; scale bar = 500 um. (D) Nutritional regulation of Fto mRNA expression in ARC. Bar graphs show the change in 
expression of Fto mRNA in the arcuate nucleus ofthe hypothalamus in the fed, fasted, and leptin-treated-while-fasted state. Response is expressed in terms of 
fold induction of the fasted and leptin-treated expression over the fed expression. The P value was calculated using a two-tailed distribution unpaired 
Student's t test. “P< 0.01. Data are represented as the mean (+SE) of at least six independent mice per group. 
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\Whetherany changes associated with fasting were 
‘caused by the reduction of circulating leptin that 
‘occurs during starvation (/6). In the arcuate nu 
cleus, Fio mRNA levels were reduced by ~P% 
in fisted mice and were not rescued by leptin 
supplementation (Fig, 41D) Fio mRNA levels in 
the PVN and VMN were unchanged (J). 

20G oxygenase-catalyzed posttranstational 
hydroxylation is central 0 transcriptional regu 
lation in the hypoxic response (17, 18), and 
20G oxygenases catalyze histone demethylation 
(19), The catalytic activity of FTO may simi- 
larly regulate the transcription of genes involved 
in metabolism by nucleic acid: demethylation, 
Altematively, it is possible that FTO, as. pro- 
posed for ABH, can act asa nuclei acid repair 
‘enzyme (20): There is evidence that breakdown 
‘of genomic repair processes Keads to obesity and 
metabolic syndrome (21-23), 

Under our assay conditions at physiologi- 
cal pH, the preferred substrate of FTO was 3- 
imethyhthymine in DNA. a minor but stable Kesion 
that is generated! upon exposure of DNA to meth~ 
ylating agents. Verification of whether this methyl- 
fated base in DNA, of an as-yet-uninvestigated 
modification of DNA oF possibly RNA, is the 
Physiologically relevant substrate(s) of FTO is 3 
key objective of future work. It is noteworthy 
that akhough both £: coli AIKB and human ABE 
demethylate both DNA. and RNA (24, 25), it 
remains unclear whether RNA demethylation is 
Physiologically relevant 

Itis now important to determine whether al- 
tered FTO demethylase activity underlies: the 


enhanced fat mass associated with the F7O gene 
Variant and whether this alteration in activity és 
associated with increased food intake, decreased 
energy expenditure. or both. The majority of 
hhuman genetic defects associated with obesity 
have their principal impact on the function of 
the hypothalamus (26), and our findings with 
respect to its hypothalamic expression and nue 
trtional regulation suggest that this may also be 
the ease for FTO. Fio is inhibited by Krebs eye 
intermediates, in particular fumarate (Fig. 2C), 
as proposed for the HIF-la hydroxylases (27). 
Disease states with elevated fumarate’succinate 
levels may therefore modulate FTO activity. 
Further finctional studies of Fio may lead to 
new insights into the pathogenesis of obesity 
and possibly new avenues for treatment. 
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Expression and Function of Junctional 
Adhesion Molecule-C in Myelinated 


Peripheral Nerves 
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JAM-C is an adhesion molecule that is expressed on cells within the vascular compartment and 
epithelial cells and, to date, has been largely studied in the context of inflammatory events. Using 
immunolabeling procedures in conjunction with confocal and electron microscopy, we show here 
that JAM-C is also expressed in peripheral nerves and that this expression is localized to Schwann 
ells at junctions between adjoining myelin end loops. Sciatic nerves from JAM-C-deficient [having 
the JAM-C gene knocked out (KO)]} mice exhibited loss of integrity of the myelin sheath and 
defective nerve conduction as indicated by morphological and electrophysiological studies, 
respectively. In addition, behavioral tests showed motor abnormalities in the KO animals. JAM-C 
was also expressed in human sural nerves with an expression profile similar to that seen in mice. 
These results demonstrate that JAM-C is 2 component of the auitotypic junctional attachments of 
Schwann cells and plays an important role in maintaining the integrity and function of myelinated 


peripheral nerves. 


subfamily of junctional adhesion molecules, 
composed (as far as is known) of JAM-A, 
-B, -C, JAMA, ESAM, and CAR, which are 


J isa member of an immunoglobulin 
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specifically enriched at tight junctions of cell-cell 
contacts (/-3), To date, human JAM-C has been 
reported to be expressed on the cell surface of 
platelets and certain leukocyte subtypes, as well 


as at junetions between endothetial cells 
‘and intestinal epithelial cells, and has langcly 
‘boon investigated in the context of inflammatory 
and vascular events (/-8), In addition, JAM-C 
plays an important role in establishing cell 
polarity and the formation of endothelial tight 
junctions (1-3, 5, 9) 

AS part of our investigations into the func- 
tional role of JAM-C in leukocyte transmigration, 
‘ve detected in vivo, using immunofluoresce 
analysis of remaster muscles. from wild-type 
(WT) mice, low-level expression of JAM-C in 
microvessels at EC junctions colocalizing with 
the EC marker platelet endothelial cell adhesion 
molecule-1 (PECAM-1) (/0) (Fig, 1A), In addi- 
tion, a strong and specific expression of JAM-C 
was detected at discrete sites within nerve 
bundles (Fig. 1A and fig. S1), Another member 
ofthe JAM family, JAM-A, was also found to be 
expressed in EC junctions and localized to 
junctions of perineural cells surrounding JAM- 
C positive nerves (Fig. 1B). The costaining of 
mouse spinal cords (CNS) and its ventral roots 
[ic.. peripheral nervous system (PNS)] for 
JAM-C and neurofilament or the CNS- and 
PNS-specitic myelin protcins, myelin oligoden- 
dmveyte glycoprotein (MOG) or protein zero (Po), 
respectively, demonstrated that neural JAM-C 
‘was restricted tothe PNS (Fig, 10) 


www.sciencemag.org 


In the PNS, myelinating Schwann cells wrap 
around axons in such a way 
axonal membrane into distinet domains known 
as nodes of Ranvier (J/, 12), sites important for 
rapid saltatory conduction. To facilitate efficient 


10 on 


conduction propagation, tight interactions exist 


between the axon and the glial cells at regions 


that flank the nodes of Ranvier (axo, 


ial para 
nodal junctions) and between adjacent membrane 
layers of individual lial cells (12). Our 0 


tions of teased sciatic nerve fibers immuno- 
stained for JAM-C and laminin 1. indicated 
that JAM-C wa 
cells, at sites characteristic of junctional regions 


expressed in Schwann 


of noncompact myelin, These sites are paranodal 
regions on cither side of the node of Ranvier, 
fiom where mesaxonal bands, most likely the 


inner mesaxon, could be seen connecting the 
internodal Schmidlt-Lantemman incisures (Fig. 1D 
and schematically illustrated in fig. S2A)(72-14). 

JAM-C expression during develop- 


localization at paranodal junctions 
day PS onward ( 


Costaining with neurofascin 135, a molecule 


ial pa 
junctions (71), revealed a broader distribution 
pattern of JAM-C at the paranodal 
1E), Furthermore, JAM-C was more distally lo- 
cated from the node than E-cadherin, a marker of 
adherens junctions (/5), but colocalized with the 
junctional molecule claudin-19 (/6) (Fig. 
1E), None of the molecules analyzed were mis 
localized in JAM-C- knockout (KO) mive (Fig 
IE and fig, S2B) for the 
connexin 32 (/4) and for myelin-associated 
uslycoprotein (MAG) and E-cadherin at incisures}. 

The node of Ranvier is organized on either 
side by two Schwann cells, 
jereases at paranod 
fin) to form terminal loops that closely inter 


n component 


Whose eytoplasn 


rewions (noncompact mye 


with the axon (at paranodal junctions) and the 
lateral myelin lamellae (fig. S4A), Immunogokd 
staining of longitudinal sections of WT sciatic 
nnawve fibers showed that JAM-C was located 

the lateral sides of adjacent myelin lamellae of 
loops. However, JAM-C was 


terminal paranod 


not expressed in the axon or regions of compact 


ooh 


myelin and could not be detected at a 


paranodal junctions oF tight junctional dom: 
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(Fig. 2A and fig. S4, A to ©). Ibis interesting that 
the findings of these studies indicated expression 
of JAM-C along the whole length of paravodal 
terminal loops, a distribution pattern that 
been reported for junctional m 
Which suggests that colocalization between JAM: 
C and claudin-19 is only panial, (see Fig. 1E). 
Expression of JAM-C that is not at the ti 


as not 


ther 


junction has also baen reported in other cell types 
(3). which implies that 
junctional | 


the characteristics of 
JAM-C may be cell 


specific which JAM-C is 
interact present unknown, 
but it is highly probable that the interaction is 


mediated by JAM-CJAM-C 
between adjacent temminal loops, because expres 
sion of JAM-B, its major binding. par 


autotypic adhesion 


‘endothelial cells, was not detected. 


A PECAMA 


The above immunoelectron studies also iden- 
tified an important, though mild, morphologi- 
I defect in JAM-C-KO sciatic nerve fibers 


fixed samples indicated a profile of 
sequential terminal myelin loops that were mis- 


aligned, suggesting a defective adhesive contact 


berween these structures in fibers of simitar 
caliber [(F nd fig, S4D); 95.8 and 78.9% 
ofthe terminal paranodal loops closely interacte 
with the axon, in WTand JAM-C-KO mice, re 
spectively; for fourto six mice with 168 and 279 
terminal loops from 1S t0 23 nodes of Ranvier 
nied for WT and KO, respectivel 


}. These 
stan important role for JAM-C in 
ation of the paranodal 


maintaining the onan 


terminal loops, but the relatively low incidence of 
the noted defect under conditions of JAM-C de 


sis the existence of compensatory 


Fig. 1. JAM-C is expressed in junctional regions of Schwann cells in peripheral nerves. (A) Confocal 
images of WT cremaster muscles immunostained for PECAM-1 (red) and JAM-C (green) show 
‘expression of JAM-C in nerves (a) and vascular EC junctions (v) (B) Cremaster muscles stained for JAM- 
‘A (red) and JAM-C (green) show that JAM-A localizes to EC junctions and surrounds JAM-C-positive 
nerves (arrows). (©) Longitudinal sections of mouse spinal cord (CNS) and its ventral roots (PNS) 
immunostained for JAM-C (green) and, in red, neurofilament (NF), Po (marker for PNS), or MOG (marker 
for CNS) showing restriction of neural JAN-C expression to the PNS. (D) Teased sciatic nerve fibers 
stained for JAM-C (green) and laminin 1 (red). JAM-C is restricted to junctional regions of Schwann 


cells, ie. 


the paranodes (arrows) surrounding the nodes of Ranvier (asterisks), Schmidt-Lanterman 


incisures (single arowheads), and mesaxonal bands (double arromeads). () Teased sciatic nerve fibers 
stained for JAM-C (green) and, in red, neurofascin 155 (NF 155), E-cadherin (E-cad), or claudin-19 
(C1é-19) in WT and JAM-C-KO mice showing normal distribution ofthe Latter molecules in KO mice. 


Scale bars: (A, B, D, &) 10 jm, (C) 20 ym. 
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Fig. 2. JAN-C deficiency alters the integrity ofthe 
myelin sheath. (A) Immunoelectron microscopy of 


JAM-C expression at lateral sides of adjacent myelin 
lameliae in noncompact, paranodal myelin, but not 
in the axon (ax) or compact myetin (cm). (B) 
Uttrastructural analysis of longitudinal sections of 
ic nerves from WT and JAM-C-KO mice (16 
‘weeks old) prepared for immunoelectron microsco~ 
Py (without antibodies to JAM-O) indicated that a 
proportion of KO terminal loops exhibited an 
‘apparent looser adhesion to adjacent loops and 
axon, (€ and D) Ultrastructural analysis of 
transverse sections of sciatic nerves from WT and 
JAM-C-KO mice (16 weeks old) revealed abnor- 
malities in the myelin sheath of a proportion of KO S| 
fibers (~79) exhibiting layers of loose myelin that 
form mild and severe tomacula. Scale bars: (A) 
190 nim, (B) 120 nm, and (C and D) 10 jm. 


‘Tomacula ‘nid Tomacula (severe) 
JAM-C 


Lf . ; 
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Control (+/-) JAM-C KO tps JAM KO wr JAM-C KO- 


Fig. 3. JAM-C-deficient mice exhibit electrophysiological and behavioral reduced amplitudes compared with control nerves. (B) JAM-C-KO mice 
defects, (A) Isolated sciatic nerves from control littermates (+/-) and exhibited significantly reduced stride length (*P < 0.05, n = 13 to 18 
JAM-C-KO mice revealed significantly reduced conduction velocities in mice) and grip strength (*P < 0.05, n = 8 to 9 mice), Experiments were 
the KO (*P < 0.05, n= four to eight nerves) and a lag in their CAPs with performed by a blinded examiner. 


Yon 


imv 


Conduction velocity (ms) > 
Forelimb grip strength (gr) 


mechanisms in the KO mice, such as enhanced 
‘expression and/or function of other adhesion 
pathways. Furthermore, ultrastructural analysis 
of transverse sections from sciatic nerves. re- 
vealed that, whereas most KO fibers showed 


normal phenotype (Fig. 2C), a proportion 
exhibited accumulated layers of loose myelin 
within the periavonal space forming tomacula 


[1.2 = 0.8 and 6.9 = 2.1% tomacul 
WT 


oration in 
xd KO mice, respectively, P< 0.05, for 


seven to nine mice with 1571 WTand 4227 KO gig, g, yant-Cis expressed in human peripheral nerves. Double-staining of human sural nerves for JAM-C 
fibers counted (Fig. 2D)), This thickening of the (y/3¢k) and neurofilament (red) obtained from a healthy limb (A) and a patient with a clinical and 
myelin sheath isa characteristic feature of n° stopathological diagnosis of conic inflammatory demyelinating pobyneuropathy, (B). JAM-C is 
fibers from patients with hereditary neuropathy expressed at paranodal regions (arrows) in healthy nerves, and the number of JAM-C-positive paranodes 
With liability to pressure palsies (NPP). Togeth- yas significantly reduced in nerves from patients in accordance with the demyelinated state of the fibers 
cc, these observations suggest that the abnonnal (p< 0,01, for six healthy subjects and five patients with neuropathy; the images shown are representative 
myelin phenotypes detected in JAM-C-deficient ofall samples analyzed). Scale bar, 50 ym. 

mice are caused by the loss of JAM-C-mediated 


autotypic interactions between myelin lamellae 
at the paranodal regions, as well as potentially at smaller in size during early phases of their life Because defective JAM-C-mediated adhesion 
Schmidt-Lanterman ineisures. OF note, whereas span (<3 to 8 weeks) (7), the young adult mice may directly or indirectly lead to reduced pari 


JAM-C-KO mice can exhibit a number of defects chosen for the studies detailed here (ages 8 10 16 nodal scaling, we assessed whether JAM-C-KO. 
such as megi-esophagus or high susceptibility to weeks) were of normal health status and were mice exhibited neurological defects. KO seiatic 
lung infections (often fatal) and some of them are matched by weight with the controls, nerves displayed reduced conduction velocity 
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A DELICATE TOUCH 


The notion of a cell membrane serving to contain a large mixture of proteins randomly 
moving about in a cytosol may once have been the grade school introduction to cellu- 
lar biology. However, when one considers the nature and coordination of cellular ac- 
tivities, it becomes evident that random collisions between proteins could not result 
in the spatial and temporal reaction and information-carrying cascades now known 
to occur in cells. Proteins must interact in very specific ways in order to coordinate 
nearly all cellular processes including DNA replication and transcription, RNA splicing 
and translation, protein modification and secretion, cell cycle control and apoptosis 
as well as signal transduction and gene expression. Therefore, a disruption in the 
interaction of proteins is likely to contribute to the onset of disease and is the reason 
so much research effort is focused on understanding the nuances and implications of 
such interactions. By Alfred Doig 


rotein-protein interactions (PPIs) occurring on the exterior of the cell mem: 
brane provide signals as to the cell’s external environment. Within the cell 
membrane such signals are propagated by other specialized PPIs that serve 
to deliver the message to one or more of the compartmentalized cell struc 
tures, such as the nucleus or mitochondria, which might result in, for example, a 
change in gene expression or ATP production. 

PPIs are very diverse but all protein interactions occur in a highly specific manner 
determined by structural and physiochemical properties of the interacting proteins. 
‘At the molecular level PPIs can be characterized by their binding strength (permanent 
or transient), specificity (specific or nonspecific) the location of interacting segments, 
(within one or more polypeptide chains), and the degree of similarity between inter- 
acting protein subunits. 


Experimental Approaches 
PPIs are affected by a number of variables including protein concentrations —as de- 
termined by protein synthesis and degradation—and the location of the interacting 
protein participants within the cell. In recent years, innovations in software, reagents, 
and instrumentation as well as improvements to experimental protocols have given a 
clearer understanding of the biological roles of many PPIs. 

Methods available to study PPIs extend from very qualitative approaches to highly 
Quantitative measurements. The methods of choice are determined by the nature of 
the experimental study and can range from the desire to discover new PPIs to de- 
termining the dissociation kinetics between well-established interacting pairs. There 
exist a number of in vivo and in vitro methods used to identify and characterize PPIs. 
The techniques are based on a variety of biological, biophysical, or physiochemical 
measurements and some lend themselves to high throughput format development. 


Biological Methods 
Ifa yes/no answer regarding the significance of a suspected two-protein interaction 
is required, a synthetic lethality approach may be appropriate. This method involves 
the construction of cells containing two mutations, one in each of a suspected PPI 
pair. Neither of the mutations alone results in loss of cell viability, but if both should 
occur in the same cell, death results. Another established method used in PPI re- 
search is the two-hybrid approach, first demonstrated using yeast strains and subse- 
‘quently adapted for use with mammalian and human cell lines. The yeast two-hybrid 
methodology utilizes a nutrient-dependent yeast strain into which separate bait and 
prey plasmids are introduced. One plasmid produces a known protein (the bait) with 
‘a fused DNA-binding domain (BD) fragment while the other plasmid produces a pro- 
tein product in which an activation domain (AD) fragment is Fused onto 


oducts 


66in recent years, innovations 


in software, reagents, and 
instrumentation as well as 
improvements to experimental 
protocols have given a clearer 
understanding of the biological 
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the so-called prey protein. The prey protein can be either a single 
known protein or a library of known or unknown proteins. Ifthe bait 
and prey proteins bind, transcription of reporter gene takes place, 
indicating the formation of a PPI. 

This “bait and prey” approach has been incorporated into a vari- 
ety of commercial reagent formats. BD Biosciences markets the BD 
Matchmaker Two-Hybrid System 3, an enhanced GAL4 two-hybrid 
system. The product uses yeast strain AH109, in which four reporter 
genes are integrated in the host genome. A similar system, DUAL- 
membrane from Dualsystems Biotech, is specifically designed to 
detect interactions involving integral membrane proteins with other 
such proteins, membrane-associated proteins, or soluble protein: 
A human cell-based “bait-prey” PPI assay system, known as GRIP, is 
produced by Biolmage (part of Thermo Fisher Scientific). The GRIP 
technology is based on the translocation of human cAMP phos- 
phodiesterase PDE4A4 and provides a high throughput method to 
screen for inhibitors of protein interactions. 

‘Another in vivo method for visualizing PPIs involves use of the 
fluorescence resonance energy transfer (FRET) approach. In this 
technique, two different fluorescent molecules (fluorophores) —the 
donor and acceptor—are genetically fused to the two proteins of in- 
terest, Regular fluorescence occurs when the protein-bound fluoro- 
phores emit energy at the emission frequency. When the two labeled 
proteins interact and are stimulated by light energy at the excitation 
frequency for the donor fluorophore, some of this energy transfers to 
the acceptor, which then re-emits the light at its own emission wave- 
tength. The result is that the donor partner in the PPI emits less tight 
energy, while the acceptor emits more. FRET equipped microscopes 
and fluorescence-based cell sorter systems are used in conjunction 
with these FRET reagents to quantify the PPIs. 
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Isolating Protein Pairs 

In studies where the isolation of proteins involved in a PPI is 
desired, “pull down” assays can be used. Pierce Biotechnology (now 
2 part of Thermo Fisher Scientific) offers its Profound PP! pull down 


kits for this application. The product is based on either GST- or His- 
tagged fusion proteins. The tagged fusion protein is used as the “bait” 
protein and the pull-down process is based on a bead-based, affinity 
purification technique, The captured PPIs are eluted for analysis by 
Western blot. 

For recovering interacting proteins from mammalian cells, 
Stratagene, an Agilent Technologies company, produces its InterPlay 
Mammalian TAP System. The method is based on expression of a 
protein of interest fused to two affinity tags: a streptavidin binding 
peptide (SBP) and a calmodulin binding peptide (CBP). “A two-step 
tandem affinity purification protocol yields exceptionally pure and 
intact interacting proteins through gentle elution and elimination of a 
protease digestion step,” says Benjamin Pricer, the product manager 
for functional biology at Stratagene. “The isolated proteins,” 
he continues, “can be identified using Western blotting or mass 
spectrometry.” 


Array Screening 

Protein arrays are another, more recent addition to the PPI toolbox. 
As in the two-hybrid approach, a “bait and prey” strategy is used, 
The methods involve incubating an array of surface anchored pro- 
teins with cell supernatant, washing the assay surface, and analyz- 
ing for PPIs. A variety of anchoring methods and formats is used 
cluding glass slides, polymeric beads, and chromatographic me- 
dia. Hypromatrix supplies a general purpose PPI screening array 
called the AntibodyArray, which comprises membrane tethered an- 
tibodies against hundreds of well-studied proteins. The antigenic 
protein binds to the antibody, thus capturing any PPIs between the 
antigen protein and its interacting partners. Similarly, Invitrogen's 
ProtoArray Human Protein Microarray contains approximately 8,000 
Unique human proteins, selected from multiple gene families and ar- 
rayed in duplicate on a 1 inch x 3 inch nitrocellulose-coated glass 
slide. To provide maximum flexibility, these microarrays are compat- 
ible with fluorescent, chemiluminescent, radioisotopic, and other 
detection methods. 

Specialty arrays for PPI screening are also available and include 
Sigma-Aldrich’s Panoram Human Cancer v1 Protein Array used to 
screen for interactions with 130 fully functional cancer proteins, 
Also, Panomics’ TF Protein Array is useful for determining how a 
particular protein interacts with the 140 known transcription factor 
proteins spotted on this array. 


Instrumentation for Bound Proteins 

‘Over the past 15 years, specific instrumentation has evolved to mea- 
sure the physiochemical properties of known interacting proteins. 
These instruments are based on crystal resonance, surface plasmon 
energy measurements, microcalorimetry, scanning tunneling micros- 
copy, and total internal reflection fluorescence. 

The principle of crystal resonance has been applied by Attana 
to develop a quartz crystal microbalance (QCM) technology to ob- 
tain label-ree, real-time measurements of PPI kinetics, affinity, and 
specificity. QCM uses a piezoelectric effect to oscillate a crystal at 
its resonance frequency. This frequency shifts when molecules are 
‘added to or removed from the surface of the crystal. By attaching a 
specific bait protein to the biotin treated crystal surface, continued ” 


/ products 


“The AFM instrument 
employs a sensitive probe, 
the deflection of which isa 
measure of sample surface 


topography.” 


an interaction with an introduced prey protein can be detected due 
to the resulting change in protein mass. 

Taking a slightly different tack, two companies, GE Healthcare/ 
Biacore Systems and Bio-Rad Laboratories, market instrumentation 
based on surface plasmon resonance (SPR). These instruments use 
4 gold foil detector surface and reflected light energy to generate 
surface electron charge density waves (plasmons). PPIs forming be- 
tween surface-tethered proteins and introduced proteins on the de- 
tector surface interact with these plasmons resulting in measurable 
refractive index changes that are proportional to changes in surface 
mass. Stefan Lofas, chief scientist, Biacore Systems, GE Healthcare 
Bio-Sciences AB, explains that “the combination of label-free SPR 
detection, sophisticated microfluidics and a broad range of surface 
chemistries allows characterization of almost any type of biomo- 
lecular interaction at a very detailed level. The kinetic information 
‘obtained greatly facilitates the characterization of molecular mecha- 
nisms and biological processes.” 

The introduction of higher throughput screening capacities 
for SPR instruments is a focus for Biacore and Bio-Rad. As Cathy 
Mainini, senior product manager, protein function division, Bio-Rad 
Laboratories, points out, “We have combined surface plasmon reso- 
nance technology with an innovative 6 x6 microfluidic design that al 
lows one to measure an array of 36 biomolecular interactions simut- 
taneously. This parallel approach can generate a complete kinetic 
profile of a biomolecular interaction in a single experiment without 
regeneration.” 

TIRF Technologies’ instruments are based on total internal reflec- 
tion fluorescence (TIRF). The process uses light propagating within a 
quartz crystal which, when it reaches an interface with a less dense 
‘aqueous solution, although fully reflected, generates an evanescent 
field that extends beyond the interface and into the aqueous solu- 
mn. The fluorophores adsorbed, adhered, or bound to the surface 
will fluoresce while fluorophores in bulk solution will not. The sensi- 
tivity of the TIRF approach is reported to be 10,000 times higher than 
SPR-based instruments. 

Based on the scanning tunneling microscopy —the inventors of 
which received half of the 1986 Nobel Prize in Physics—the atomic 
force microscope (AFM) is an imaging and measurement tool that 
provides a three-dimensional map of a sample's surface. The AFM 
instrument employs a sensitive probe, the deflection of which is a 
measure of sample surface topography. With the capacity to observe 
and manipulate biological surfaces under physiological conditions, 
AFM can be used to explore biological structures at the single mole- 
cule level and measure mechanical ligand-receptor interactions with 
3D resolution and sensitivity down in the picoNewton (N) range. 
W. Travis Johnson, senior scientist at Agilent Technologies, explains, 


www.sciencemag.org/products 


“We are combining AFM with surface chemistry and bioconjugation 
chemistry in order to study individual, discrete ligand-receptor inter- 
actions far from equilibrium. This is increasing our understanding of 
how biological systems work at the single molecule level.” 


Instrumentation for Proteins in Solution 

‘MicroCal has found a way to adapt ultrasensitive calorimetry to the 
study of PPIs. Utilizing isothermal titration calorimetry (ITC), the in 
strument measures the heat that is absorbed or generated when a 
biomolecular interaction occurs. Uniquely, the method does not re- 
quire that the target protein be labeled or bound to a surface, allow- 
ing the proteins to be studied in solution in a native state. Ernesto 
Freire, Henry Walters Professor, Biology and Biophysics, Johns Hop: 
kins University, reports his laboratory uses “ITC in all our projects 
involving protein-protein interactions. ITC not only provides the most 
‘accurate determination of binding affinity, but also itis the only tech- 
nique that reveals the nature and magnitude of the forces involved in 
the binding process by being able to measure the binding enthalpy 
‘and entropy ina single experiment.” 


Bringing It All Together 
Understanding of the physiological and disease associated impor- 
tance of protein-protein interactions continues to expand. For exam- 
ple, researchers recently reported using a Biacore system to gener- 
ate binding kinetics measurements to identify a site on the HIV-1 Env 
protein that may be a target for vaccine development, PPI research is, 
moving forward aided by innovations in instrumentation, availability 
of reagents, and the generation of robust data sets. 

PPI research is also benefitting from advances in knowledge 
software such as Ingenuity Systems’ Pathways Analysis. Megan 
Laurance, senior scientist at Ingenuity Systems, points out “our soft- 
‘ware application contains a comprehensive network of protein-pro- 
tein interactions and regulatory events {transcriptional effects, post- 
translational modifications, epigenetic events] manually curated 
from the scientific literature.” This enables researchers to put the 
particular PPI under investigation into a broader context of normal 
‘and abnormal cellular function. As Laurance puts it, this allows them 
to “rapidly understand their experimental system as a whole, based 
‘on what was detected at the protein interaction level.” 

Emphasizing the importance of depending on multiple technolo- 
gies, Michael Snyder of Yale University points out that in his labo 
ratory “we use a number of methods including two-hybrid, protein 
arrays, affinity chromatography, and SPR to investigate the biologi 
cal significance of Pls. All of these methods have their inherent 
limitations: however, by integrating the resulting datasets we gain 
confidence in our understanding of the function and importance 
of specific PPIs.” These technologies are enabling exciting new re- 
search on the characterization of multiprotein interactions involving 
“scaffold” proteins responsible for bringing other proteins together 
so they can interact, 

Continued advancements in the ability to measure the various 
parameters associated with PPIs coupled with knowledge-based 
software will undoubtedly provide the understanding required for 
‘systems biology modeling and serve to uncover new targets for ther- 
apeutic developments. 


Alfred Doig is. freelance bioscience writer and editor living in Natick, MA, 
DOE: 10.1126/science.opms.p0700020 
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New Products 


Colorful Laboratory Instruments 

The new Hydroflex 3-in-1 platform and the popular Sunrise 
microplate reader are available in bright orange, blue, red, and green. 
The HydroFlexis a compact, versatile platform for automated vacuum 
filtration, magnetic bead separation, and microplate washing. It 
increases productivity by automating a range of 96-well format 
applications, including polymerase chain reaction cleanup and bead 
assays, enzyme-linked immunosorbent assays, cell assays, and 
protein arrays, The Sunrise system is a fast, 12-channel absorbance 
teader for 96-well microplates that provides all the functionality 
needed for numerous applications in diagnostics, biotechnology, and 
research laboratories. The new colors are designed to brighten up the 
{ab and bring fun to the workplace. 


Basement Membrane Extract 

The PathClear Basement Membrane Extract (BME) High Protein 
Concentration (HC20+) has been added to the Cultrex product line. 
The PathClear designation means that in addition to standard steri 
ity, endotoxin, and mouse antibody production testing, the BME is 
tested by polymerase chain reaction and is clear of a battery of 31 
pathogens and viruses, making it suitable for in vivo applications. 
PathClear HC20+ was developed for use in in vivo applications in 
which higher protein concentrations facilitate faster gelling times, 
increased gel strength, and successful establishment and growth 
‘of tumor cells in nude mice. It offers lot-to-lot consistency and con- 
trolled protein concentrations to support in vivo angiogenesis as- 
says and tumorigenicity assays. 


For information 800-873-8443 
wwe.trevigen.com 


Trypsin Removal 

‘Mag: Trypsin provides a method for magnetically immobilizing tryp- 
sin so it can be removed easily from a protein digestion mixture us: 
ing a magnetic separator after the reaction is complete. Treatment 
with trypsin immobilized on magnetic beads prior to immobilization 
inhibits chymotrypsin activity without any effect on trypsin. Unlike 
agarose-linked immobilized trypsin, Mag-Trypsin does not require 
any centrifugation or use of columns. I provides a simple method for 
eliminating trypsin contamination after digesting protein samples 
to their peptide constituents in preparation for such techniques as 
‘mass spectroscopy or peptide enrichment. 

Clontech Laboratories 

For information 650-919-7382 

wwwaclontech.com 


Protein Expression Media 

The ProNSO Chemically Defined (CD) Serum-free Media support 
maximal production of recombinant proteit NSO cells. The NSO 
cell line is widely used for recombinant mammalian protein expres- 
sion in research and biotherapeutic applications. Two formulas are 
available to covera broad range of nutritional needs, witha compan- 


Advertisers with Products related to 
Protein-Protein Interactions 


ForteBio, Inc. ProxyChem 
www fortebio.com ve 1em.com 
Biacore Systems 


www. biacore.com 


Tecan Group 
For information +41 449228111 
wewew.tecan.com 


jon ProNSO Lipid CD Supplement also available. 
For information 800-521-0390 
vwewew.lonza.com, 


Human Cancer Biomarker Panel 

The Beadlyte Human Cancer Biomarker Panel includes a five-plex 
containing the biomarkers: macrophage, migration inhibitory fac- 
tor, prolactin, CA-125, leptin, and osteopontin as well as a singleplex 
IGF-11 assay. Each of the biomarkers has been identified in various 
tumor types, including lung, breast, prostate, and colorectal, The 
panel can be used to quantify these biomarkers in serum, plasma, 
and cell or tissue culture supernatant samples. Each panel includes 
all components to run the assay, standards, and quality controls; it 
‘an be easily adapted for high throughput automation, The panel is 
sensitive and offers excellent intra-assay and interassay precision, 
Millipore 

For information 978-762-5080 

veww.millipore.com 


Polypropylene Plates 

The NUNC 384-Well Polypropylene Plates feature an improved de- 
sign for achieving a secure seal when using commercially available 
heat seal tapes and instruments. They feature a raised rim around 
each well that promotes a robust, secure seal in all wells, enables 
plates to be resealed multiple times, and is compatible with adhe- 
sive seal tapes. Polypropylene plates are commonly used for storage 
and transport of chemicals, nucleic acids, and proteins because of 
their inherent chemical stability. The new plate construction meets 
the critical storage requirements that each well be completely sealed 
to prevent well-to-well contamination, evaporation, and loss or deg- 
radation of contents. These plates are available sterile or nonsterile 
in four colors: natural, white, black, and blue. The black and white 
plates are used for fluorescence and luminescence assays, respec- 
tively. The black plates help increase product stability by blocking 
light from photosensitive compounds. 

For information 800-446-2543 

www.nunebrand.com 


Protein Kinase Library 

The Calbiochem inhibitorSelectT Protein Kinase Library | contains 80 
well-characterized, potent protein kinase inhibitors. They are sup- 
lie a convenient 96-well plate at a concentration of 10 mM in 


For information 800-854-3417 
www.emdbiosciences.com/html/CBC/inhibitor_tibrary.htm 
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ience Care 


Tenure-track faculty in Cancer Biology 


‘& Fenn Veterinary Medicine 


Applications are inited for a tenure-track faculty positon in the Department of 
Pathobiology to cary cut research in the broadly defined area of Cancer Biology. 
‘Thesucoesstul appicants program wouldbe consistent withthedepartmentalfocus 
(on calar and molecular mechanisms and in vivo models of mammalion disease. 
‘She or he wil become an integral pat ofthe Mari Lowe Center for Comparative 
(Oncology atthe Schoo of Veterinary Medicne and the NCl-designatec Abramson 
Cancer Center ofthe University of Pennsyvaria. The relevant sratepic prontes 
the Abramson Cancer Canter are: Tor microenvironment, Cancer stem ets, 
‘Tumor profiing, Developmental therapeutics, and Cancer genetics. 


‘The chosen inidual wil be expected to estabish and maintain an independent, 
extramurally funded research program and partcipate in the teaching of 
veterinary and graduate students. Candidates must hold PHO, MD, DVM, or an 


lecuivalent degree and have sificint post cocoral experience to demonstrate 
both significant accompishments and cusanding promise. We ancipte this 
apporiment to be at he Assistant Professor lve. but oustanding candies 
vith proven ecards of produity and extramural funding mgt be consseed 
for more ser poston, 

The Universiy of Pennsjvania is an equal opportunity, afirmative acton 
employer, Women and mnorty candidates are storgly encouraged o apply 


By January 15, 208, al interested individuals should forward, as single pa. 
files, ther cover letters, curiculim vitae, statements of research ineress, and 
names of at least 3 references to: 


‘r, Andrei Thomas-Tikhonenko 
Chair of the Cancer Biology Search Committee 
Department of Pathobiology 

‘School of Veterinary Medicine, University of Pennsylvania 
Philadelphia, PA 19104 

mal: cancerblologysearch@vet upenn edu 


child 
Hoolth Institute, 


of New Jersey 


™ FACULTY POSITIONS | 


The Chas Heath instrute of New Jersey (CHIN) at the MON Robert 
Wood Jobrson Medel Schoo! (RWJMS) f recubng Several oustanding 
carcidates 10 bald scentiic research programs in enmunity and 
infammaton, rematopoess ard stem cells. chikkhood malignancies, 
iMectous Geases, and pealaiic’ Wansiatioral research These 
oveshgators wil pina song cor group of scientists wih expertise in gene 
‘expression and ‘ogral areducton. immunology, wrolegy. hemaloky, 
‘oncology. stem cel. and apoptosis, and a rowing communty of base and 
chnical pedatre “scierbsts. CHIN) tacully wil have” outstanding 
Sppartunites for colaboration with colleagues at RWIMS, Rutgers 
hiversty, the Cancer insite of New Jersey. and the Stem Cellinsttute of 
New Jersey The CHINJ f located ina newly constructed 180,000 29 
esearch and padatre ckncal facity adacert © Bristol Myers Squibb 
(Gharen’s Hospital at Robert Wood Jotnson Unwversty Hospital and the 
PSEAG Children’s Specaled Hosptal, creabrg an inlematoral cere of 
‘excellerce in pedutne cae ard hid heath research 


(Quated candidates must have a Ph.D., M.D., M.O/PH.. or equivalent 
wadate degree ard ousanaing academic’ credentials. Tenure-4ack 
‘Sopesrements wil be made through approprate departments at RWAMS at 
re rark of Asstt, Associate and Fux Professog wil full access (0 
(gadvate ting grogiarns ard research resources. Success cardiates 
wil be pronded wit) competitive staf Up packages and are expected {0 
Seve storg. enerraly funded research programs, and partxypale in 
‘albbarative projects with other Departmiets and Isttues on the campus 


leterested applicants should forward their curicukn wie, a. bref 
descriptor of teseatch interests andthe names ol tee relerences, Ma ema, 
‘©. Amolé Rabson, MLO. Child Health Intute of New Jersey, UMDNI-RWINS, 
189 French Steet, New Branwick, NI O8901. E-mail: chisearch@undn).pdu, 


The Loney of Mediene & Dentistry of New Jersey & an equal 
obeemurivatemative acho empoyer 
unpy 

[a] ROBERT WOOD JOHNSON 


MEDICAL SCHOOL 


Universitat Karlsruhe (TH) 
Foruchungnuiveatt » goprindet 1825 


‘The OFG-Research Center for Functional Nanostructures (CFN) at 
the Universitat Karlsruhe (TH) Invites applications for a 


Junior Research Group Leader 
in the area of "Nanobiology”. 


‘The group is expected to contribute to and partcipato in the ongoing CFN 
actives relted to “Nanoblology” (ww cn.unt-karsrue. de), in which 


‘The applicant is expected to be an outstanding young researcher in one 
‘oF more ofthese areas. HisHer competence should be frm established 
by publications in iterational scientc journals, and he/she should hold 
thei doctorate degree for not more than five years. The CFN wil support 
the group with sufficient funding, start-up investments and additional 
Personnel. The group will be funded within the Cluster of Excellence up 
oa maximum duration of five years. 


Further information can be obtained trom Prof. Anne Urich (anne. 
bg f2k.de) or from Prof. Martin Bastmeyer (bastmeyer@bio.uka de). 


‘The Universitat Karlsruhe (TH) aims to increase the representation of 
‘women among the staff and therefore explicitly encourages applications 
{rom female scientists. Universitat Karlsruhe (TH) is an equal opportunity 
‘employer and wil give preference to disabled candidates having he same 
‘qualications as their competitors 


THE UNIVERSITY OF CALIFORNIA, BERKELEY 
Department of Integrative Biology 
Faculty Position in Experimental Population Genetics 
Position ID #1213 


The Department of Integrative Biology at the University of California, 
Berkeley, is secking a scientist for a tenure-track position (Assistant 
Professor) in experimental population genetics. We seek @ colleague 
1 join a department with a strong ry emphasis and 
to help the Berkeley campus strengthen its program in evolutionary 
biology and population genetics. We seek applicants with a Ph.D, 
fr equivalent advanced degree and an exceptional research recont 
experimental studies with plants, animals or microbes of pheno 
variation, adaptation, reproductive isolation, coevolution or 
areas of evolutionary genetics. Candidates will be required to 
contribute to our undergraduate and graduate teaching programs 
in population genetics, general genetics, and evolutionary biology. 


Interested applicants should send their CV, including a bibliogsaphy of 


“objectives. astatement of teaching interests, selected reprints, a 
tohave three letters of reference sent to: 
Chair, Experimental Population Genetics Search Committee 
Department of Integrative Biology 
3060 Valley Life Sciences Building, 
University of California 
Berkeley, CA 947203140 USA 


‘or electronically to: http://gold.Is.berkeley.cdu:80/sReg.php2i=96 
(Clectronie submission of PDF files preferred) 
Applications and supporting leters must be received electronically oF 
postmarked by December 31, 2007. Review of application will begin 
January 2,200. Applicants should refer their reviewers othe UC Berke- 
ley Statement of Confidentiality at http://apo.chanec.berkeley.cdu/ 

cevalltr html 
The University of California is an Equal Opportunity 
Affirmative Action Emplover 
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Science ( 


Center for AIDS Prevention Studies 
University of California, San Francisco 


Faculty Search-Rank Open: Social 
Behavioral HIV Prevention Research 


The mission of the Center for AIDS Prevention Studies (CAPS) is to 
cconduet domestic and international research to prevent the acquisition of 
HIV and to optimize bealth outcomes among HIV-infected individuals. 

based in the Department of Medicine, Division of Prevention Sei- 
ence, atthe University of California, San Francisco (UCSF). is recruiting 
‘one ormore faculty membersin the area of HIV/AIDS or social bchavioral 
research applied to prevention science and the development of effective 
HIV prevention interventions. 


UCSF seeks candidates whose experience, teaching, research, or commu 
nity service has prepared them to contribute to our mission. Suoag NIH 
funding track record and experience directing federally funded rescarch 
studies required. Rescarch expertise in the following areas sought: social 
psychology, sociology, epidemiology. clinical psychology. anthropology, 
‘community psychology, medical sociology, and statistics. Populations and 
areas of special interest include: ethnic minority populations, men who 
have sex with men, women, adolescents, substance users, incarcerated 
populations and their families, optimizing health outcomes. and biomedical 
approaches to prevention, 

Interested candidates should submit a detailed cover letter describing 
their interests and experience, as well as curriculum vitac to: Margaret 
Paternek, PRD, Deputy Director, UCSF Center for AIDS Prevention 
Studies, 50 Beale Street, Lith floor, San Francisco, CA 94108, 


UCSF seeks candidates whuse experience. teaching, research, oF 
‘community service has prepared them to contribute to our commitment 
tw diversity and excellence. UCSF is an Equal Opportuniny Affirmat 
Action Employer: The University undertakes affirmative acto 
‘equal employment upportunity for underutilized minorities 
Jor persons with disabilities, and for covered veterans. All quaifed 
‘applicants are 1 apply, including minorities and wom 


Head, Department of Biology 


‘Texas A&M University 
College Station, Texas 


A national search is underway to identify outstanding candidates for 
Head of Biology at Texas A&M University, one of the langest universities 
in the nation with an enrollment of over 46,000 students and recently 
‘ated #1 in serving the needs of the nation by Washington Monthly. Our 
thematically diverse department is at the research and teaching core of 
the hasic life scienoes at Texas A&M University. The department secks 
‘an individual with a vibrant and internationally recognized research pro- 
‘gram, a sincere commitment 19 undergraduate and graduate education, 
and proven leadership skills, 


The Biology Department has nearly 1800 undergraduate majors, 90 gradu 
ate students, 44 fulltime faculty members, 6 joint appointments, and 7 
Iecturers. The university is commited to increasing the number of full- 
time tenured and tenure-track faculty to at least $0, including expansion 
‘of research space. Department facilities support a wide range of molecular 
biological, imaging, and computational technologies. Complementary 
expenise and specialized research facilities are available on campus. 
Further information about the department, its faculty, and its facilities 
‘can be found at our website: www. bio.tamu.ed, 


Applicants should send by email a CV and a statement of research 
accomplishments, teaching perspective and administrative philosophy 
to: Headsearch a mail.bio.tamu.edu, Review of applications will begin 
4 18, 2008, and continue until the position is filled. 


Texas A&M University is an Equal Opportunity/Affrmative Action 
Emplover that is dedicated to the goal of building a culturally diverse 
‘and pluralistic faculty and staff who are committed to teaching and 
working ina multicultural environment. We strongly encourage 
epplications fram women, minorities, veterans, and individuals with 
disabilities. The university is particularly responsive 10 the nceds of 
dual-carcer couple 


Center for AIDS Prevention Studies 
University of California, San Francisco 


Search for Academic Specialists: Social 
Behavioral HIV Prevention Research 


The mission of the Center for AIDS Prevention Studies (CAPS) isto con: 
‘duct domestic and intemational research to prevent the acquisition of HIV 
‘and to optimize bealth outcomes among HIV-infected individuals. CAPS, 
‘based in the Department of Medicine, Division of Prevention Science, at 
versity of California, San Francisco (UCSF), is recruiting one o 
sademic Speci HIV/AIDS or social behaviors! 
clopment of effective 
terventions. The Specialist series is used for academic 
appoinices who are engaged in research in specialized areas and who do 
not have any teaching responsibilities. 
UCSF socks candidates whose experience, teaching, research, or commu- 
service has prepared them to contribute to our mission. Strong NIH 
funding track record and experience direeting federally funded research 
studies required. Research expertise inthe following areas sought: social 
psychology. sociology, epidemiology. clinical psychology. anthropology, 
community psychology. medical sociology. and statistics. Populations 
and areas of special interest include: ethnic and minority populations, 
incarcerated populations and their families, optimizing health outcomes, 
MSM, IDU, and biological approaches. 


Interested candidates should submit a detailed cover letter describing 
their interests and experience as well as curriculum vitae to: Margaret 
Paternck, PhD, Deputy Director, UCSF Center for AIDS Prevention 
Studies, $0 Beale Street, 13th floor, San Francisco, CA 94105. 


UCSF seeks candidates whose experience, teaching, research, or 
‘community service has prepared them to contribute to our commitment 
tw diversity and excellence. UCSF is an Equal Opportunity/Affirmative 
Action Emplover The University undertakes affirmative action wo axsure 
igual employment opportunity for underwsilized minorities and women, 
for persons with disabilities, and for covered veterans, All qualified 
‘epplicams are ta appls, including minarities and women. 


NEW JERSEY MEDICAL SCHOOL 
DEPARTMENT OF ORTHOPAEDICS 
NORTH JERSEY ORTHOPAEDIC instiUTE ™ LO 


BASIC MUSCULOSKELETAL SCIENTIST 


The Department of Orthopaedics at the UMDNJ-New Jersey Medical 
School invites applications for a tenure-track facully position, 
Applicants with research interest in any area of human 
musculoskeletal and joint disease are encouraged to apply. Research 
areas might include, but are not limited to: biology of bane and joint 
diseases, including molecular aspects, arthrosplasty science, 
bioengineering, biomaterals and bromechanics. Applicants must have 
2 PND or its equivalent and al least two years of postdoctoral 
experience. The successful candidate will be expected to develop a 
strong extramuraly funded research program. Current basic science 
research efforts in the Department focus on the study of biomaterials 
for skeletal repair, the mdecular biology and biomechanics of bone 
healing, the molecular analysis of skeletal development, control of 
proliferation and differertia! in osteoblass, and orthopaedic oncology. 


Applicants should send cover letter with CV, the names of three 
relerences and a statement of research interests to: Elizabeth M 
Ph.D., Professor and Director Orthopaedic Research Laboratori 
Department of Orthopaedics, UMONI, Cancer Center, 205 South 
Orange Avenue, Room G1200, Newark, NJ 07103, or e-mail: 
_strumoje@ uménedu. The University of Medicine and Dentistry of New 
Jersey is an equal opportunity and affirmative action employer 


=| UMDNJ 
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